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MESON PHOTOPRODUCTION AT GRAAL
C. Schaerf for the Graal collaboration”
Dipartimento di Fisica, Universita degli Studi di Roma “Tor Vergata” and
INFN - Sezione di Roma Tor Vergata

The Graal collaboration has measured beam polarization asymmetries in the
photoproduction of mesons on protons and neutrons using the linearly polarized and tagged
gamma-ray beam produced by the backward Compton scattering of laser light on the high energy
electrons circulating in the ESRF storage ring. The tagged gamma-ray spectrum covers the range
600-1487 MeV and has an energy resolution of 16 MeV (FWHM). Its polarization is close to 1
at the highest energy and remains higher than 0.6 on the entire spectrum using a Green (514.5
nm) and UV (351.1 nm) laser line. _

The beam characteristic and the experimental apparatus are described in reference’ .

Beam polarization asymmetries have been produced in the reactions:

y+tp-op+n®
Y+p—->n+7t

Y+*p—2>p+tN

Y+n—->n+7w°

Y+tn—>n+n

Y+tno>p+Tm

Y+p—>K +A

y+po>K +2X°

In the last two reactions we have also measured double-polarization beam-recoil
observables.

We have studied the reactions on the proton with a liquid hydrogen target and those on
the neutron with liquid deuterium. We have detected the two reacting particles in the final state
and for the deuterium we have treated, with the Impulse Approximation (IA), the proton as a
spectator and the target neutron as a quasi-free particle. In the same deuterium runs we have
collected data on the quasi-free proton treating the neutron as a spectator. We have compared the
asymmetries on the free proton (in Hydrogen) with those on the quasi-free proton (in Deuterium)
and those on the quasi-free proton with those on the quasi-free neutron. In this way we can
reasonably assume that in the reactions where the asymmetries on the free and quasi-free protons
are in good agreement, the asymmetries on the quasi-free neutron can be assumed to be a very
good approximations to those on the free neutron.

The data on the free protons have been analyzed selecting the events when the two
particles in the final state satisfy the constraints of a two-body kinematics. For those on the
deuteron we have used a similar procedure with less stringent constraints. For the events with a

7t° or an 1) in the final state the first requirement has been that the invariant mass of the two

decay photons is close to that of a 7t° or an 1 respectively.

In fig. 1a we have compared the coplanarity of the two particles in the final state for the
free and quasi free proton. In fig. 1b we have the calculated distribution of the Fermi momentum
of the spectator before and after the imposition of the two-body kinematical constraints for the
reaction on quasi free nucleons.

' V. Bellini, J. P. Bocquet, L. Casano, A. D'Angelo, R. Di Salvo, A. Fantini, D. Franco, G. Gervino, F.
Ghio, G. Giardina, B. Girolami, A. Giusa, A. S. Ignatov, A. M. Lapik, P. Levi Sandri, A. Lleres, F.
Mammoliti, G. Mandaglio, M. Manganaro, D. Moricciani, A. N. Mushkarenkov, V. G. Nedorezov, C.
Randieri, D. Rebreyend, N. V. Rudnev, G. Russo, C. Schaerf, M. L. Sperduto, M. C. Sutera, A. Turinge
and V. Vegna.
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Fig. 1. a) coplanarity of the two particles in the final state for free and quasi-free proton;
b) Fermi momentum of the spectator calculated before and after the kinematical cuts.

In Fig. 2 we have indicated the invariant mass of the two photons around the n mass
before and after the quasi-two body kinematical cuts and our estimate of the background from

competing processes.
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Fig. 2. The invariant mass of the two-photon system around the 1) mass calculated before (solid
curve) and after (dotted curve) the two-body kinematical cuts. a) proton in the BGO; b) neutron
in the BGO; c) proton in the forward direction; d) neutron in the forward direction.



In the next figures (3-5) we show the beam polarization asymmetry, X, for n meson
photoproduction reactions in Hydrogen (free proton) and Deuterium (quasi-free proton and
quasi-free neutron).
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Fig. 3. Beam polarization asymmetries, 2, for the photoproduction of n on the proton
¥+ p— p+1. The results obtained for the two main neutral decay channels are compared. The

3n° decay requires the detection of six photons in the BGO: 1 — 3n° — 6y.
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Fig. 5. Beam polarization asymmetries for the photoproduction of 1 on quasi-free proton and
quasi-free neutron in the deuteron. Open squares proton, full inverted triangles neutron. The data
are presented for different gamma-ray energies as a function of the CM angle of the n. The
neutron asymmetries appear more symmetrical around 90°.

4



The beam polarization asymmetries for the photoproduction of n° on the proton and the
neutron are indicated in fig. 6 at constant CM angles as a function of the gamma-ray energy.
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Fig. 6. © beam asymmetry for the - ° photoproduction on the quasi-free proton (full dots) and
quasi-free neutron (open dots) as a function of the photon energy at fixed n° center-of-mass
angles, compared to the results of partial-wave analysis from modified MAID2007" ({ull line:
proton, dashed line: neutron). Where not visible, errors bars lie within the data point spots.

In fig. 7 are reported our very preliminary results for the beam-polarization asymmetries
for the reaction y + p — o + p. We present the results for the radiative and charged » decay
modes: ® —> 7° + y (blue full circles) and @ — n° + 1" + 7 (red inverted full triangles). These
two results have been obtained with different selection criteria for the events and therefore are
statistically independent and can be combined to give our global result. For comparison we
present also the results of one previous experiment™ and a previous independent analysis™ of a
subset of Graal data.
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Fig. 7. Angular distribution of the beam-polarization asymmetries for o photoproduction on the
proton at a gamma-ray energy of 1.2875 GeV. Our results are compared with those of previous
experiments” and a previous analysis of a subset of Graal data®. The theoretical curves have been
provided by Q. Zhao®.

In fig. 8 we report our very preliminary results for the beam-polarization asymmetry for
the photoproduction of ™ p on the neutron.
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Fig. 8. Preliminary results for the beam-polarization asymmetries for the reactiony+n—>n" +p
are compared with three theoretical models.

' O. Bartalini ez al., Eur. Phys. J. A 26, 399 (2005).

" http://wwwkph kph.uni-mainz.de/MAID//maid2007/polariz html
"F.Klein et al., Phys. Rev. D 78, 117101 (2008)

1. Ajaka et al,. Phys. Rev. Lett. 96, 132003 (2006).

> http://gwdac.phys.gwu.edu/analysis/pr_analysis.html

¢ Q. Zhao, Phys. Rev. C 63, 25203 (2001) and private communication.



RECENT RESULTS FROM THE CB@MAMI COLLABORATION

Evangeline J. Downie! for the A2 Collaboration

I Institut fiir Kernphysik, Johannes Gutenberg Universitdt, Mainz, Germany

1 Introduction & motivation

Due to quark confinement, there exists no way to dissect the nucleon and directly study its
internal architecture and components. Instead, the excitation spectra of protons and neutrons
are carefully measured and deconstructed into their constituent excitations, thereby revealing
the underlying structure. Presently, there is insufficient experimental data available to fully
constrain this decomposition process. Therefore, in order to unambiguously determine exactly
which resonances contribute to the nucleon excitation spectrum, it is imperative to measure not
simply differential cross sections, but also multiple single and double polarisation observables
over a variety of outgoing channels.

In order to achieve such an experimental programme, one requires a polarised beam and
target and the ability to determine the polarisation of the recoiling nucleus. With the successful
construction of the Mainz Frozen Spin Target, the CB@MAMI detector setup now satisfies all
of these criteria in addition to having a high flux photon beam, which provides a well understood
initial state, and a 47 highly segmented detector system with well developed particle identific-
ation capability. The combination.of this high photon flux beam and large acceptance detector
is ideal for the measurement of rare final states and those involving a high photon multiplicity.

2 Experimental apparatus

2.1 Photon beam

MAMI C consists of a three stage cascaded racetrack microtron system followed by the Har-
monic Double-Sided Microtron (HDSM). It can provide an electron beam with 100% duty
cycle, current of up to 100 pA and electron polarisation of 85%. The HSDM designed output
energy of 1508.4 MeV has been surpassed by the optimisation of the system as a whole and, as
of 16th September 2009, MAMI can supply an electron beam of up to 1604 MeV.

The A2 photon beam is derived from the production of Bremsstrahlung photons during the
passage of the MAMI electron beam through a thin radiator. The resulting photons can be
circularly polarised, when using the polarised electron beam, or linearly polarised, in the case
of a crystalline radiator. The degree of polarisation achieved is dependent on the energy of the
incident photon beam (Eg) and the energy range of interest, but currently peaks at ~75% for
linear polarisation (Fig. 1) and ~85% for circular polarisation (Fig.1). The maximum degree
of linear polarisation should be further improved by 5 to 10% by the end of 2009 when the
collimation and beam monitoring systems will be optimised for MAMI-C during the installation
of the Frozen Spin Target. The Glasgow Photon Tagger (Fig 2) provides energy tagging of the
photons by detecting the post-radiating electrons and can determine the photon energy with a
resolution of 2 to 4 MeV depending on the incident beam energy, with a single-counter time
resolution o; = 0.117 ns [1]. Each counter can operate reliably to a rate of ~1 MHz, giving a
photon flux of 2.5 x 10° photons per MeV. Photons can be tagged in the momentum range from
4.7 t0 93.0% of Ey.
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Figure 1: Left: Helicity transfer from the electron to the photon beam as function of the energy
transfer. The MAMI beam polarisation is P, ~85%. Centre and right: Linear polarisation
available with the current collimation system for a variety of crystal orientations. The thin
black lines are data obtained during recent MAMI-C runs.
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Figure 2: The Glasgow photon tagging spectrometer.

To augment the standard focal plane detector system and make use of the Tagger’s intrinsic
energy resolution of 0.4 MeV (FWHM), there exists a scintillating fibre detector (‘Tagger Mi-
croscope’) that can improve the energy resolution by a factor of about 6 for a ~100 MeV wide
region of the focal plane (dependent on its position) [2].

2.2 Crystal Ball detector system

The central detector system consists of the Crystal Ball calorimeter combined with a barrel of
scintillation counters for particle identification and two coaxial multiwire proportional counters
for charged particle tracking. This central system provides position, energy and timing informa-
tion for both charged and neutral particles in the region between 21° and 159° in the polar angle
(6) and over almost the full azimuthal (¢) range. At forward angles, less than 21°, reaction
products are detected in the TAPS forward wall. The full, almost hermetic, detector system is
shown schematically in Fig. 3.

The Crystal Ball detector (CB) is a highly segmented 672-element Nal(T1), self-triggering
photon spectrometer constructed at SLAC in the 1970’s. Each element is a truncated triangular

8
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Figure 3: The A2 detector setup: The Crystal Ball calorimeter, with cut-away section showing
the inner detectors, and the TAPS forward wall.

pyramid, 41 cm (15.7 radiation lengths) long. The Crystal Ball has an energy resolution of
AE/E = 0.020 - E[GeV]%%, and angular resolutions of 6p = 2...3° and 0y = Gp/sin 0 for
electromagnetic showers [3].

Tn order to distinguish between neutral and charged particles species detected by the Crystal
Ball, the system is equipped with PID2, a barrel detector of twenty-four 50 mm long, 4 mm
thick scintillators, arranged so that each PID2 scintillator subtends an angle of 15° in ¢. By
matching a hit in the PID2 with a corresponding hit in the CB, it is possible to use the locus of
the AE, E combination to identify the particle species (Fig. 4). This is primarily used for the
separation of charged pions, electrons and protons. The PID2 covers from 15° to 159° in 6.

The excellent CB position resolution for photons stems from the fact that a given photon
triggers several crystals and the energy-weighted mean of their positions locates the photon
position to better than the crystal pitch. For charged particles which deposit their energy over
only one or two crystals, this is not so precise. Here the tracks of charged particles emitted
within the angular and momentum acceptance of the CB detector will be reconstructed from
the coordinates of point of intersections of the tracks with two coaxial cylindrical multiwire
proportional chambers (MWPCs) with cathode strip readout. The expected angular resolution
(rms) is ~2° in the polar emission angle 8 and ~3° in the azimuthal emission angle ¢.

2.3 TAPS Forward Wall

The TAPS forward wall is composed of 384 BaF; elements, each 25 cm in length (12 radiation
lengths) and hexagonal in cross section, with a diameter of 59 mm. The face of every TAPS
element is covered by a 5 mm thick plastic veto scintillator. The single counter time resolution is

9
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Figure 4: Left: A typical AE/E plot from the Crystal Ball and the PID2 detector. The upper
curved region is the proton locus, the lower region contains the pions and the peak towards the
origin contains mostly electrons. Right: A typical Time of Flight identification plot from TAPS,
the vertical band being photons, the curved band to the left, nucleons.

o; = 0.2 ns, the energy resolution can be described by AE /E = 0.018 + 0.008 /E[{GeV]". The
angular resolution in the polar angle is better than 1°, and in the azimuthal angle it improves
with increasing 9, being always better than 1/R radian, where R is the distance in centimetres
from the centiral point of the TAPS wall surface to the point on the surface where the particle
trajectory meets the detector {3]. The TAPS readout was custom built for the beginning of the
CB@MAMI program and is effected in such a way as to allow particle identification by Pulse
Shape Analysis (PSA), Time Of Flight (TOF) (see Fig. 4) and AE /E methods (using the energy
deposit in the plastic scintillator to give AE). The two inner rings of 18 BaF; elements have
been replaced recently by 72 PoWO, crystals each 20 cm in length (22 radiation lengths). The
higher granularity improves the rate capability as well as the angular resolution. The crystals
are operated at room termperature. The energy resolution for photons is similar to BaF, under
these conditions [4].

3 Recent Results

3.1 Photoproduction of 7° mesons

The photoproduction of ¥ mesons occurs with almost equal probability on both protons and
neutrons over the whole volume of the nucleus, making it an ideal probe of the nuclear matter
distribution. The cross section for coherent 7° photoproduction is then almost a Fourier Trans-
form of the mass distribution, with the position of the minima giving the matter radius of the
nucleus. At low outgoing pion energies, the probability of final state interactions (FSI) between
the outgeing pion and the residual nucleus is reduced and handling of the FSI effects is more
straightforward. A measurement of 7 photoproduction was performed for a series of nuclei,
including 12¢, 160, Y0Ca and 2'8Pb [5].

3.1.1 Incoherent 7"photoproduction

Tt was found that it was possible to separate the incoherent 7° photoproduction cross section
by tagging on the 4.4 MeV photon produced by the de-excitation of the 2+ excited state of
I2C. This was the first ever study to produce differential cross sections for the production of a

10



specific excited state, and the data, which are reported in [6], are sensitive to the propagation of
the A in medium and matter transition form factors.

3.1.2 Coherent 7° photoproduction

With the ability to isolate the production of these excited states, comes the ability to produce
an incredibly clean sample of purely coherent events. These events have been used to produce
differential cross sections for the coherent production of 7° mesons on 28Pb. The careful ana-
lysis of this data in combination with the use of two different models of final state interactions
allows the neutron skin thickness of 2%8Pb to be determined with an accuracy of ~0.05 fm [5].
This information is important for the equation of state of neutron rich matter and also has as-
tronomical significance in the physical description of neutron stars and their possible cooling
mechanisms.

3.1.3 Radiative n° photoproduction

Due to the incredibly short lifetime of the A*(1232), it is impossible to measure its static elec-
tromagnetic properties in the normal way used for longer-lived particles. Instead, the resulting
large Breit Wigner width of the A(1232) makes it is possible to create a A at the upper end
of this mass range which can then decay to a A of lower mass, with the emission of a photon.
The lower-mass A subsequently decays to a nucleon and a pion, giving an overall process of
Yp — ynN. The A — Ay process amplitude is sensitive to the magnetic dipole moment of the
A (up+). However, as the same final state can also be reached by Bremsstrahlung from the in-
and outgoing charged particles, models of the process [7, 8] must be used to extract the con-
tribution due to the A — Ay transition and ultimately extract p+. After a proof-of-principle
measurement [9], the CB@MAMI collaboration acquired 800 hours of data on this reaction in
2004/5.

The separation of the signal from background in this reaction is an experimental challenge
as the background processes (yp — prt® and yp — pa®n®) have cross sections more than two
orders of magnitude greater than the signal of interest. The separation of the the signal from the
background has been achieved and a collection of ~30,000 events recorded, with the produc-
tion of differential cross sections [10] of much higher statistical significance than the proof-of-
principle measurement and the first ever determination of the linearly polarised photon asym-
metry [11]. The increased precision cross section measurement and the measurement of addi-
tional observables are key steps in the constraint of the theory and an extraction of the magnetic
dipole moment of the A*(1232).

3.2 Photoproduction and decay of the 17 and 1’ mesons

As the S;,(1535) is the only major resonance involved in 7} production in the region around its
threshold and peak, the analysis of 1] production in this region acts as a filter to enable the study
of this specific resonance despite the presence of several other broad overlapping resonances.
The photoproduction and decay amplitudes of the 7 are described in Chiral Perturbation Theory
(ChiPT). Due to its isospin breaking nature, the decay 1) — 37, has an amplitude proportional
to the mass difference between the up and down quark in the lowest order of ChiPT. This
term can be accessed by looking at the slope parameter o of the reaction Dalitz plot. The
slope parameter can be obtained by plotting all of the entries in the Dalitz plot as a function
of their distance from the centre of the Dalitz plot. For pure phase space decays, this would
give a perfectly flat distribution. When this phase-space result is passed through the detector
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acceptance, it acquires some slope and the ratio of the measured Dalitz plot to this phase-space
simulation passed through the detector acceptance gives the measured slope parameter. This
was measured with incredibly high precision with both MAMI B [12] and MAMI C [3] data.

The ratio of ' — 37° to n’ — aaY, the primary decays of the 71/, gives information
on nz° mixing, and the dalitz plots of these reactions contain information on the 77 and 717)
scattering lengths. Other, rarer, decays of the 17 and 1’ test the higher orders of ChiPT. Rare
n decays under study currently include 1) — ete™y,4n°, z%,22°y,32%. The decays n’ —
nlete™, ' — 3yand ' — 4x° are currently under investigation for their role in CP symmetry
violation. In all, it is expected that the CB@MAMI detector system will measure 3 x 1087 and
3 x 107’ within only a few years, providing an “eta factory” for the investigation of precision
observables and fundamental symmetry breaking.

3.3 Photoproduction of 170 in the region of the D33(1700)

A recent high precision measurement of 7° photoproduction by the A2 Collaboration [13]
has been very well described by a very simple model including only the D33(1700) resonance
[14]. This implies that, in 12" photoproduction, the D33(1700) shows the same dominance
as the P33(1232) in pion photoproduction and the S;;(1535) in 7 production. Underneath the
dominant D33(1700) contribution, are believed to lie other contributions from several P-wave
resonances. In order to extract the contributions of these less dominant resonances, detailed
angular distributions and polarisation measurements must be made, for which the new Frozen
Spin Target will be an essential and valuable tool.

4 Future prospects

4.1 Frozen-spin target

In order to perform double polarisation experiments with the CB@MAMI detector setup, it was
decided to build a high density solid state frozen spin target which would allow the performance
of experiments on polarised protons and deuterons using Butanol and deuterated Butanol as the
target material. To achieve the low temperatures required to produce the desired polarisation
degree of of 90% for protons and 80% for the deuteron (giving a neutron polarisation of 50%) a
specially designed, large horizontal *He/*He dilution refrigerator was built in cooperation with
the Joint Institute for Nuclear Research (JINR) Dubna. The target material is polarised via the
Dynamic Nuclear Polarisation method by irradiating it with microwaves in a 2.5 Tesla magnetic
field. The polarisation is then orientated and held using a superconducting internal holding coil
in either longitudinal (with a solenoidal coil) or transverse (with a saddle coil) orientation. The
target is currently fully operational and has reached a nucleon polarisation of 50% in a test run.
The detector systems in the experimental hall are currently being made mobile in order to allow
access to the target for re polarisation and first experimental runs with the completed target
assembly are expected to take place in early 2010.

4.2 Vector spin polarisabilities of the nucleon

The scalar polarisabilities of the nucleon, & and 8 are fundamental structure constants which
describe the spin response of the nucleon to a static electromagnetic field. They are relatively
well known for the proton. The vector polarisabilities of the nucleon are fundamental quantities

12



E, = 240 MeV

! E, =240 MeV

08

04

TTTTT T

E1E1 “t Yamm
wE — 2.9 ;
- - 0,8
4.9

nd

BUE|

1A

I

zdx
1,,%,,

~{ L J_I_L.J_LJ_I_‘_J_I_J_L.LJ_JJ - : Iy
T R TR T R PR T RN S SRR UL TSR DS IV SORE P |
"-;m (da‘g': ] 20 1* [ z') o l:*l('l F21 [T B
o 1PL
: = 8¢ M\ . .
By = 280 Mel _E, =280 R
ug-_ R [ ".,/
F ¥ oa " MM
wsf- E1ET E —29
aaf 33 =E ---08 :
7 TS ‘\ D= ¥
r.-"[: s * X U B o 49 \
«“°F & SN ~6.3 wF N
=] Zf A [ VN .
« h ¥
i N ek X Y
w2 SN . 'S ,.-/ \ s
RN I ¥
R __ Sa [iLd o ,/ A
LU g I ‘{;/ - 1
I ST T A I I P T O P AT T TR PP TN P =
o 213 4{e i) b ien 120 130 {2) (L] 1 20 E) ils it 133 1320 40 158 130
4, [dew) B, kg

Figure 5: Illustrative plots showing the sensitivity of the planned measurements to two of the
four spin polarisibilities. The left panels illustrate the sensitivity of Xy, to Ys1a1 and the right
panels illustrate the sensitivity of X3 to Y. The error bars shown are those predicted for
300 hours (X34) and 100 hours (X3) of measurement. These are produced by varying only one
polarisability, additional studies illustrating the effect of varying multiple polarisabilities show
similarly promising results.

that describe the spin response of the nucleon to a changing electromagnetic field e.g. an incid-
ent photon. These quantities, known as Y 1am1, YE1EL, YEIM2, YM1E2 (Where the subscript refers
to the initial and final photon state), have never been individually extracted from experiment.
They appear in the Effective Interaction Hamiltonian of Compton Scattering at the third order.
To access them, we plan to measure the Compton Scattering asymmetries X3 (linearly polarised
photon beam and unpolarised target), ¥,; (circularly polarised photon beam and transversely
polarised target) and ¥,, (circularly polarised photon beam and a longitudinally polarised tar-
get). It is clear from simulation, that it will be possible to satisfactorily separate the desired
coherent Compton scattering events from the background processes of coherent and incoher-
ent 7V photoproduction and quasi free Compton scattering on the heavier nuclei on the target.
The vector polarisabilities will then be extracted by performing a simultaneous fit over all three
asymmetries with predictions from Dispersion Relations [15] and Chiral Perturbation Theory
[16]. The predicted sensitivities, as illustrated in Fig 5, and the fundamental nature of these
quantities make the outcome from this experiment very promising indeed.
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5 Conclusions

The CB@MAMI detector system is a highly flexible and sensitive 47 detector system. In
combination with the high quality MAMI C electron beam and Glasgow Photon Tagger, it is
well adapted for the accurate measurement of the nucleon resonance spectrum, polarisation
observables and rare final states. It has already produced results of great interest involving
studies of the P33(1232), the S11(1535) and the D33(1700). The new polarised target capability
and recoil polarimeter system will enable an interesting and varied range of new resonance
studies.
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INVERSE DIPROTON PHOTODISINTEGRATION WITH ANKE AT COSY

Hans Stroher, Institut fiir Kernphysik and Jilich Center for Hadron Physics,
Forschungszentrum Jilich, 52425 Jilich, Germany

Abstract:

The paper gives a brief introduction into the COSY-facility, the currently used detector
systems (ANKE, TOF and WASA) and the targets (cluster jet, pellet and ABS). It presents and
discusses the results of recent measurements of the reaction pp = {pp}s y (inverse diproton
photodisintegration) which were obtained with ANKE/COSY and subsequently at WASA-
Promice/TSL.

Introduction:

Photoabsorption on two-nucleon systems in nuclei at intermediate energies (a few 100
MeV) allows one to probe fundamental properties of nuclei at short distances, for example
through the photo-disintegration of the simplest nucleus, the deuteron. Much less is known
about the other simplest process, i.e. y + {pp}s = p + p , Wwhere {pp})s is a proton pair in the
15, state. It is obvious that different features of the underlying dynamics will be revealed by
studying both systems since different amplitudes contribute to deuteron and diprotons,
respectively. In the absence of a free diproton, the cleanest way to study the above reaction
is the inverse channel with the production of a free 'S, diproton: p + p > {pp}); + Y.

Such an experiment has been performed with the ANKE detector system at an internal beam
of the Cooler Synchrotron COSY that will be discussed further below; before, however, a
brief overview of the COSY facility is provided.

Apparatus:

- COSY [Ref. 1]

The COoler SYnchrotron COSY is an accelerator and storage ring at the Institute for
Nuclear Physics (IKP) of the Forschungszentrum Jiilich (F2J). It is in operation since
the beginning of the 90°s and is now in a mature state, providing high intensity
proton and deuteron beams, which may also be polarized, for both internal
experiments (ANKE, WASA (see below), in previous times also COSY-11 and EDDA)
and to external target stations (now TOF (see below), earlier also BIG KARL (GEM,
MOMO)). The maximum beam momentum is 3.7 GeV/c, typical beam intensities are
a few times 10" for unpolarized particles, and about an order of magnitude less, if
the beams are polarized.
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Detectors
o ANKE [Ref. 2]

ANKE is the name of a magnetic forward spectrometer inside the ring of the
Cooler Synchrotron COSY. It comprises 3 dipole magnets D1-D3, which impose
a small chicane to the COSY ring. D1 deflects the beam out of the nominal
orbit onto a target (see below) in front of D2, and D3 reflects the magnet back
onto the nominal orbit. D2 is the large spectrometer magnet, which separates
the reaction products from the beam. The magnet is movable perpendicular
to the beam direction in order to detect particle momenta independent of the
beam momentum. Forward, positive and negative side detection systems
allow to track, identify and momentum analyze the particles. For experiments
with deuterium {used as effective neutron targets), silicon tracking telescopes
near the target are implemented to detect slow recoil protons (“spectator
protons”).

TOF [Ref. 3]

The time-of-flight spectrometer TOF is a non-magnetic detector at an external
target position, combining excellent tracking capabilities with large
acceptance and full azimuthal coverage. It consists of a large vacuum tank,
covered with scintillators inside, and a near target tracking system for decay
vertex detection and triggering. Recently, a low-mass budget tracking
detector, based on straw-chambers has been implemented to improve the
momentum resolution. TOF is optimized for detection of final statec with
strangeness.

WASA [Ref. 4]

The “Wide Angle Shower Array”, originally set up at the CELSIUS accelerator in
Uppsala (Sweden), is a close-to-4n detector for neutral and charged particles,
which is operated at the internal COSY beam. WASA comprises an electro-
magnetic calorimeter (~1000 Csl crystals), a very thin superconducting
solenoid (~0.18 Xy), inner and forward tracking detectors and a frozen pellet
target (see below).

Targets
o Cluster let [Ref. 5]

For measurements with unpolarized hydrogen or deuterium targets, a cluster
jet is used, crossing the circulating COSY beam at right angles. The density of
the target reaches ~10" atoms/cm? for hydrogen and (2-5)x10' atoms/cm’
for deuterium. It is used at ANKE.

Pellet [Ref. 6]

For high luminosity unpolarized experiments with internal targets, a stream of
frozen pellets (diameter ~ 20-50 um, pellet rate up to 10 kHz) through the
circulating beam is the target of choice. The vertex is well defined, but the
interaction rate is not as smooth as with cluster jets. In addition the large
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energy loss leads to fast “heating” of the beam, which must be compensated
by cooling methods. This target is employed at WASA.

o Polarized atomic beam source [Ref. 7]
The polarized internal target for the ANKE experiment utilizes a polarized
atomic beam source to feed a storage cell with polarized hydrogen or
deuterium atoms. The nuclear polarization is measured with a Lamb-shift
polarimeter. The commissioning of the target in the COSY ring has been done,
and first double polarized experiments are scheduled for 2009.

o Liquid hydrogen/deuterium target [Ref. 8]
The TOF liquid hydrogen/deuterium target has been constructed with an
extremely small amount of passive material. The standard target cell is 6 mm
in diameter and has a length of 4 mm. The working pressure is 200 mbar,
which allows to use very thin target windows of only 0.9 um Mylar foil.

Recent results on inverse diproton photodisintegration:

The fundamental reaction pp - {pp}s Y was observed in an experiment of an incident beam
of unpolarized protons (T, = 353, 500, and 550 MeV; note that the corresponding y-energy is
equivalent to about T,/2) on an unpolarized proton cluster jet target inside the COSY ring
[Ref. 9]. The produced two protons in the final state were registered in the forward
detection system of the magnetic spectrometer ANKE. To identify diprotons, it was
requested that the excitation energy E,, of the two protons was less than 3 MeV. The
photon final state was selected through a missing mass analysis, i.e. pp = pp X (X = y): at the
lowest beam energy a clean separation between y and n° was achieved. For larger beam
energies the photon peak was sitting on top of the much larger n°-contribution, which,
however, could be easily subtracted.

The differential cross sections measured for c.m. angles 6, between 0° and 20° exhibit a
steep increase with angle that is compatible with E1 and E2 multipole contributions. The
ratio of measured cross sections to those of np = dyis on the 10* to 107 level. The
observed cross section increase with T, might reflect the influence of the A(1232) resonance.
It should be noted that there is no direct contribution from S-wave AN intermediate states
and M-odd multipoles are forbidden. In addition only the spin-flip contribution to the E1
operator survives.

Motivated by this result, an experiment performed at TSL CELSIUS (Uppsala, Sweden) with
the WASA-Promice set-up has been analyzed and published [Ref. 10]. The measurement was
performed at the incident proton beam energy of 310 MeV, and the 'S, diproton state was
identified by a final state pp missing mass peak where the excitation energy was less than 3
MeV. The advantage of this measurement is the complete coverage of the photon c.m. angle
0,. The linear behaviour observed in cos’0, indicates that there is almost no influence of an
E2 multipole at this energy, and that the E1 and M2 must be of similar size.

For more details, | refer to the orginal publications [Refs. 9, 10].
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Summary, Outlook:

Two recent experiments [Ref. 9, Ref. 10] have been performed to investigate inverse
diproton photo-disintegration at intermediate energies, i.e. in the region of the A-resonance.
Such an approach ( pp = {pp}s 7)is advantageous compared to other techniques, for
example studying the photoabsorption (y, pp)-reaction with emission of two fast protons on
light nuclei. Due to the different quantum numbers and involved multipoles compared to
deuteron photodisintegration, this reaction provides valuable additional information about
NN-systems.

More recentiy, the excitation function has been studied at ANKE throughout the A-
resonance region, and a clear indication for its excitation has been observed [Ref. 11].

There are also analysis efforts going on for ANKE data to enlarge the angular range [Ref. 12].
Finaliy, it is planned to exploit polarized COSY proton beams for this reaction.
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Total photoabsorption on quasi free nucleons at 600 ~ 1500 MeV

N.Rudnev, A.Ignatov, A.Lapik, A.Mushkarenkov, V. Nedorezov, AT uringe
for the GRAAL collaboration
Institute for Nuclear Research RAS, Moscow, 117312

Experimental data on the nuclear total photo-absorption cross section above P33 (1520)
resonance (E, > 500 MeV) are scarce, especially for the quasi-free neutrons. There exist the
T.A.Ammstrong data for the proton [1] and deuteron [2] and partly (below 1.2 GeV)
N.Bianchi for different nuclei [3]. New precise experimental results for the free proton were
published recently by the GRAAL collaboration [4]. They are in a good agreement with the
old (1972) Armstrong data. Aim of this work is to present new experimental results for the
quasi free neutron, especially.

Almost all the existing data for the total photo-absorption in the nucleon resonance
energy region were obtained with the bremsstrahlung tagged gamma beams. To reduce the
electromagnetic backgrounds different methods were used. For example, Cherenkov counters
were applied for identification of charge particles in the hadron yield etc. At GRAAL facility
we used the Compton back scattered laser photons, so the low energy gamma tail was
significantly reduced by the collimation. The scheme of GRAAL experiment is shown on
fig.1.

Scheme of the GRAAL experiment
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Fig.1.

An important feature of the GRAAL beam is the possibility to change the gamma
energy range changing the laser wave length during the experiment. For example, the gamma
energy ranges (E, = 500 -1100 MeV and 800 — 1500 MeV for green and UV lines,
respectively) were used. Measurement of the yield in the overlapping energy regions allows
us to evaluate the systematic errors precisely. Fig.2 shows an example of such measurements
where the accuracy of 5% can be demonstrated.

Here we present new data for the deuteron and carbon targets separating the processes
on quasi-free protons and neutrons. These .data were obtained by two independent methods,
namely the summing of partial cross sections and subtraction of the backgrounds, to improve
the systematic accuracy. Both mentioned methods were separately used earlier in the
bremsstrahlung experiments independently at Frascati and Mainz [5,6].
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The detailed description of the GRAAL facility was done particularly in our previous
paper [4] devoted to measurement of the total cross section on the free proton. The cross
sections in absolute scale were evaluated by measuring the total hadron yield, the fluxes, and
target thickness. The measurement efficiency was determined by simulations. Due to large
solid angle of the GRAAL detector closed to 4n the geometrical efficiency was high.
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Fig.2 Partial n° photo-production cross Fig.3. Results obtained by the subtraction

section on the proton, measured with
different wave length laser light. Full dots
and circles correspond to 514 and 340 nm,
respectively. Curve represents the prediction

method for the carbon target. Total yield from
the full target (open circles), empty target
(full triangles) and their difference (full
squares) are shown.

of SAID [6].

Let’s describe both methods mentioned above in details. The first one is the
subtraction of the background which contribution was evaluated using the empty target
measurement. The subtraction method is illustrated in fig.3. Total cross section is the
difference between two total hadron yields from full and empty target normalized on the
corresponding fluxes. Taking into account the target thickness, we obtain the total cross
section in absolute scale.

Second method is the summing of partial meson photo-production cross sections. It is
available due to almost 4 n solid angle and low background conditions of the GRAAL
experiment. At first, here we took into account the single and double n—mesons and n—meson
photo-production on the proton and neutron using the deuteron target. The products of =’
decay (2y) were detected in BGO-detector, nucleons and charged mesons were measured in
both BGO and front scintillation wall detectors. Time of flight measurement for the forward
detector was applied to separate nucleons and charged mesons. Simulation was done for each
partial reaction providing the algorithm for data analysis. The contribution of neighborous
channels to the any selected yield does not exceed 1%.

Energy of charged mesons were evaluated knowing their angles in two body
kinematics. An example of the proton and pion selection for the reaction yn=>p n~ using two-
dimension distributions is shown in fig.4. The result of experiment was in a good agreement
with simulations.
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Fig.4. Selection of a proton and charged pion

in BGO detector
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Difference between calculated and measured angles of nucleons for the experimental
(solid line) and simulated (dashed line) data for reaction yn=>p n~ is shown in fig.5. For the
reaction yp=>nn" it looks very similar. Difference between measured by TOF and calculated
energy of nucleon and the energy is shown in fig.6. Vertical lines indicate the cuts for event
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(reaction yn=>pn")

Selection of particles in BGO detector was done using the cut on cluster size which
depends on the type of particle. For neutrons the cluster size is minimal being equal to 1
crystal dominantly. There where four criteria of event selection for the reactions yp=>pn’
and yn=>n, n°: invariant mass of two y-quanta (fig.7), missing mass of two y-quanta (fig.8),
difference between calculated and measured angles of nucleon (similar one is shown in fig.5)
and the difference between calculated energy of nucleon and the energy measured by TOF as

was shown in fig.6.
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Selection of events for n-meson photo production was done practically by the same
way as for '’ photo production, except that the cuts the invariant mass of two y-quanta (only
this channel of n—decay was considered) corresponded to the mass of n-meson.

Selection of events for double n° photo production was done almost the same as for
reactions of single n" photo production. The only difference was to use the two dimension
distributions of invariant masses of two pars of y-quanta corresponding to two n".

Events with one neutra! and one charged meson was done using invariant masses of
two y~quanta. Then encrgy and momentum of the missing mass were calculated. Energy of
charged meson was evaluated so the missing mass of the neutral and charged meson was
equal to the mass of nucleon. Then the angle and energy of the nucieon was evaluated and
compared with the measured values.

The most difficult case was to separate the reaction of two charged mesons photo
production. If nucleon hits the BGO detector we can’t measure the energies of all three
particles. Therefore, in order to decrease background, the events with nucleon, coming in
forward direction where separated. Energy and momentum of the nucleon and its missing
mass were calculated. Energy of one charged meson was evaluated, so the missing mass of
nucleon and this meson was equal to the mass of second meson. Then angle of second meson
was calculated and compared with the measured value.

Outputs for each of twelve mentioned above reactions were collected in several dozen
million events. For the same runs the corresponding fluxes were evaluated as was described in
[1]. Examples of spectra and flux distributions are shown in fig.9a and fig.9b, respectively.

The measurement efficiency for any reaction was evaluated by simulations using
LAGGEN, LAGDIG, PREAN codes (sce details in [1]). The efficiency is the product of
three factors: geometrical efficiency (probability of particle to hit the detector), physical effi-
ciency (the probability of particle to be measured) and calculating efficiency (the probability
of measured particle to be counted). The efficiency changes from several tenths of percent for
the reaction of two charge pion photo production up to several tens for the reaction yp=>pn’,
as seen in fig.9c.
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Total photo-absorption cross sections for the deuteron, obtained by subtraction and
summing method in comparison with literature Armstrong data are shown on fig.11. It is seen
that the results obtained by two different methods coincide within 5% error bars in the energy
region up to 1.2 GeV. Above this energy, there is seen a noticeable disagreement, which is
explained by the triple meson production channels contribution which was not included in the
present evaluation of partial channels. We see the similar relative behavior for proton and
neutron, especially presence of the F15 (1680) resonance in both cross sections, obtained by
subtraction and summing methods in contradiction with the Armstrong data [2].

Total photo-absorption cross section for the 2C nuclei is shown in Fig.12. Results for
the carbon were obtained by subtraction method only. Good agreement with earlier published
results and the “universal curve” is seen but the error bars are much less.
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Fig.11.Total photo-absorption cross
section for the deuteron, obtained
by subtraction (open points) and
summing method (full points) in
comparison with literature
Armstrong data [2] (full triangles)

Fig.12. Total photo-absorption cross
section for the 12C. Crosses corre-
spond to GRAAL data, obtained by
the subtraction method. Full and
open points are taken from Bianchi
[3] e. a. and Mirazita [4] e. a. data,
respectively. “Universal curve” is
marked by the full line

Final GRAAL results for the free proton, deuteron and carbon target are shown in
fig.13. We can see that carbon cross section is practically coincides with “Universal curve”
(Fig.12) but the cross sections for free proton and deuteron are approximately 30% more.

From fig.14 one can see that there is a difference between the proton and neutron
(deuteron target) cross sections within 5% error bars. Slight but systematic difference in the
absolute scale above 1 GeV is caused, presumably, by the neutron efficiency uncertainty. The
neutron efficiency is the most important factor for the systematic accuracy as it was studied

carefully in details.
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Fig.13. Comparison of the total
photo-absorption cross sections for
the proton (full triangles), deuteron
(open points) and carbon (full
points) - GRAAL data

Fig.14. Total photo-absorption cross
section on the bound proton (open
points) and neutron (full points) ob-
tained by the summing method
(deuteron target)
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Comparison of total photo-absorption cross sections on free and quasi-free proton for
different nuclei including actinide ones [11] is shown in fig.15. Evidently, the conclusions of
the work [11] concerning actinide nuclei would be revised. It is seen that GRAAL data for
carbon is practically coincide with SEBAF data for the actinide nuclei. In fig.15 we can see
the difference between free proton and quasi-free proton as well.

25



Fig.15. Total photoabsorption cross section
for Free proton ( dotted line and triangles
correspond. To Armstrong and GRAAL
data, respectively), full points — GRAAL
data for carbon, solid line — actinide nuclei
(CEBAF data)
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ON EVIDENCE FOR EXOTIC DIBARYON d,*(1956) IN SELECTED
TWO-NUCLEON-TWO-PHOTON REACTIONS
S.B. Gerasimov
Joint Institute for Nuclear Research, Dubna, Russia

Abstract

The narrow, N N-decoupled dibaryon resonance with a mass about 1956 MeV was re-’
ported in 2000 by DIB2y Collaboration (JINR,Dubna) on the basis of the measurement
of the two-photon energy spectrum in the reaction pp — pp2y at 216 MeV. The most
probable quantum numbers J¥ = 1% prevent the resonance from decaying into two pro-
tons due to the exclusion principle while the pionic decays are impossible energetically.
The significance of this resonance (called dj(1956)) for the interpretation of a few other
exclusive and inclusive reactions connected with the photon(s) production in nucleon col-
lisions with nucleons and nuclei at different energies is discussed. The importance is
stressed of on-going and planned studies of the elastic and inelastic Compton scattering
on the lightest nuclei for collecting information on the structure and dynamics of df(1956)
which can shed light on its nature.

Contents:

1.Preliminaries

2.The reaction pp — 2-vypp in Dubna and elsewhere: The resonance and non-resonance inter-
pretation.

3.In search for evidence of exotica: pd — vX, yd — ~vd(ynp), ...

4.Concluding remarks '

1. Multiquark systems involve more complicated colour sub-systems which cannot be studied
in the simplest meson and baryon systems. Therefore, multi-q’s are principally important for a
full study of the low energy typical hadronic-scale behavior of QCD and the structure of strongly
interacting matter. The theory of strong interaction, QCD, is still unable to predict the properties of
the multiquark systems such as nuclei or other possible bound states of hadron clusters. Even in the
simplified case of SU(2) gauge symmetry, the lattice calculation of the four-quark systems (e.g.,[1]
and references therein) are still in the initial phase though the results already obtained show the
principally important effects of mutual screening of gluon flux-tubes connecting the quarks.

There are also arguments telling us that explicit gluon degrees of freedom may be involved in
the description of all such multiquark states [2]. Therefore, the reliable experimental identification
of even one multiquark state, e.g., the long-sought-for six-quark dibaryon, would play the role of
the necessary prompting for theory.

Among different possibilities,the nonstrange NN-decoupled dibaryons with small widths could
be the most promising and easy for experimental searches.

2. The new experimental method using the two-photon mechanism of the production and sub-
sequent decay of the NN-decoupled (6q)-resonance(s) in proton-proton collisions was proposed
to facilitate the identification and further study of the exotic nature of these resonances [3]. This
method is free of inherent difficulties of many earlier used reactions connected with the partici-
pation or production of multihadron states in the initial or final states. The specific experimental
signature of the production and decay of nonstrange dibaryon , having mass below the pionic de-
cay modes, was indicated and discussed [4]. On the basis of this method, the Dib2y Collaboration
(JINR) observed the specific structure in the spectrum of final photons which was interpreted as
the production and decay of the narrow dibaryon with the mass ~ 1950 = 1960 MeV [5]. The
diagramme in Fig.1 with the double line representing an intermediate resonance may serve as an
illustration to different processes touched upon in the subsequent sections. With the solid lines in
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Fig.1, representing free nucleons, it describes the double photon production in the nucleon-nucleon
collisions (Section 2); if all nucleons are bound inside nuclei, it may be considered as the photon
scattering on the correlated pair of nucleons in a nucleus, or just as the Compton scattering on the
deuteron (Section 3b); and if the initial photon line is replaced by any meson line this diagramme
can be referred to as the photon production in a meson capture by a correlated nucleon pair accom-
panied by the resonance excitation or just as a part of the resonance excitation process induced via
the strong initial nucleon-nucleus interaction (Section3a).

Fig.1

The energy spectrum for coincident high energy photons (w, > 10 MeV) emitted from the process
pp — yyX at an energy of 216 MeV, measured by the DIB2~ Collaboration, consists of a narrow
peak at a photon energy of about 24 MeV and a relatively broad peak at an energy around 65 MeV
with the statistical significance 5.30 and 3.50, respectively [5].

In the overall center-of-mass system the energy of the photon w¥ associated the resonance
production (formation) is determined by the mass My of the resonance and the energy of colliding

nucleons W = (/s as
W2 — M2
F R
W o= |
w T (1)
It is clear that owing to narrowness of the considered dibaryon resonance the energy distribution
of these photons should also be very narrow. The energy of the photon w” arising from the three-

particle decay of the resonance dj in its rest frame is given by

oM )

w
where My is the invariant mass of the final N N state which is determined by the relative momen-
tum of the nucleons in this state. Since the momentum distribution of Ay is closely connected
with interaction between these nucleons, the energy distribution of photons from the resonance
decay will be strongly sensitive to NV final state interactions (FSI).

The KVI-Group(Groningen) accumulated a large sample of the 2-y-events at lower energy of
the incident proton beam 190 MeV. In their published work [6], they prefer to interpret the similar
structure of the photon spectral distribution as due to a nonresonance mechanism of the double
bremsstrahlung. In principle, the initial kinetic energy of proton 7, = 190M¢cV is sufficient to
produce the d;(1956)-resonance together with the photon energy w’ ~ 12MeV which is two
times lower than the photon energy in the JINR experiment. However, due to lower energy of
the initial proton in the KVI experiment, the cross-section of the resonance excitation is markedly
(~ 2% = 8) lower than in the Dubna experiment and the nonresonance mechanism, i.e. ordinary
double-bremsstrahlung of photons, appears to become comparable with the resonance mechanism
and interferes with it preventing the reliable separation of two mechanisms.
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Taking for granted the resonance mass M (d}) = 1956 MeV one gets the maximal value M., ~
63 MeV coming as the result of the resonance excitation at 7, = 190M eV, while the experimental
distribution in the KVI-experiment shown in Fig.2b [6] extends for significantly higher values
testifying to significant non-resonance two-photon production.

The resolution of the question about the relative contributions of the resonance and non-
resonant mechanisms would consist in the long ago suggested way of checking the sign of the
resonance presence, namely, in the repetition of the experiment at several initial proton energies
below the m°-threshold to observe the quantitatively calculable shift of the narrow peak.

Two more exclusive experiments should be mentioned which deal with the photon production
in the proton-proton reactions at higher energies. First, the CELSIUS-WASA Collaboration [7]
analyzing its pp-bremsstrahlung data collected at 200 and 310 MeV claimed that it did not find the
signal of narrow dibaryon in the mass range from 1900 to 1960 MeV. Further, rather recently, the
same CELSIUS-WASA Collaboration reported on a study of the exclusive reaction pp — ppyy
at energies of 1.36 and 1.2 GeV [8] which resulted in the measurements of the invariant mass
spectra of photon pairs emitted from this reaction. These measurements enable one to construct
the invariant mass spectrum (M.,,) of its photon pairs. The surprising feature of the measured
spectra is that they both contain pronounced resonant structures located at about 280 MeV. The
conservative estimates of the statistical significance amount to 4.5¢ for the spectrum measured at
T, =1.36 GeV and 3.20 at T,=1.2 GeV. We made a simple model-dependent analysis showing that
it is the dibaryon mechanism of the two-photon production in pp collisions pp — yd} — ppyy that
bears the responsibility for these structures at higher energies [9] and why the same mechanism and
the adopted experimental cuts did not discover the signal of the d}(1956) in the pp bremsstrahlung
data accumulated in measurements at 310 MeV which are most full and reliable.

. Briefly, the model assumptions are illustrated by a sequence of transitions in the matrix element
of the process
M (pipz — yapypy) = MpMyMp (3

A’IF - MF(plpZZ - 7(k1 61)1&117 A](1231)virt p2)
My = My(A1(1231) g po — d5(1956) — A7 (1231)girs Po)
Mp = Mp(A,(1231)gi — pv(k2 2)an1)

The ingredients of the quantum-mechanical (i.e., non-covariant) calculation have been the spin-
angular and radial parts of the total A(1231)/N-wave function, the usual structure of the dominating
spin-dependent A — N+-radiative transition vertex, and the initial and final antisymmetric pp-
continuum wave functions. The fitting parameters of the quasi-bound AN wave function resulted
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in the ratio \/ <r? >4/ <r?>g ~ 3.6, which means that the average distance between the

baryon constituents in the d;*(1956) is markedly less than in the deuteron and that a significant
overlap of internal quark structures of the virtual A and nucleon inside the d}-resonance has to
take place. In turn, this hint can be of importance in construction of more detailed QCD-based
dynamical models of the d;*(1956)-resonance.

Leaving the absolute normalization of the cross-section arbitrary, i.e. normalized to experi-
ment, we present only the calculated distribution of M., in comparison with that measured at the
proton energy 1.36 GeV[?] and at proton energy .31 GeV [7] in comparison with the distribution
from the 7°-decays. Being very close to each other as seen in Fig.3b, both kinds of last events were
dropped of registration because both were considered as the background. Hence, the conclusion
about absence of the d}j-excitation traces has to follow.
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3a.The last example refers to the inclusive reaction pd — vX and pC — yX below the 7° -
threshold, where the inclusion of the d;(1956) excitation and its radiative decay in addition to
an ordinary mechanism of single photon bremsstrahlung helps describing the measured photon
energy distribution [10]. Note that BR(d] — vpn) ~ 1, which means that the allowed, in prin-
ciple, resonance excitation in the strong pd -interaction turns out to be of the order of the VN -
bremsstrahlung cross-section which is the lowest order electromagnetic process (i.e., of the order

O(em))-
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The experimental data and theoretical curve (the dashed line) are taken from Refs.[11] and [12]
in Fig.4a, and from [13] in Fig.4b.
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3b. Presently, much of the information on the fundamental properties of the neutron has to be
extracted from the processes including atomic nuclei. In particular, this refers to the coefficients of
electric and magnetic polarizabilities of the neutron. Naturally, data on the elastic and quasi-elastic
Compton scattering on the deuteron are the most accurate and easily interpretable by the theory.
The amplitude 7., (s, t) of the Compton scattering

T = (- &)Ai(s,0) + ...

depends, in the low-energy limit, on static properties of a given target particle and its coefficients
of the electric («) and magnetic (3) polarizabilities. Omitting the spin-dependent terms and higher
polinomials in w, we have
2
A= -—@ + 4m(an + [31\160.‘39)'«2 “4)
N

The data that have been accumulated for many years from different processes and been gradually
improving with the time are reproduced below (the units are 10~* fm?) [14]:

reaction Upln] ,37,|n]
Yp — YP 12.1(.3) 1.6(.4)
n+Pb— n+Pb  [12.0(1.5)] -
vd—~d  [8.824)] [6.52.4)]
vd — ynp [12.5(1.8)] [2.7(1.8)}

Encoded into the effective lagrangian,
L= OB O P Fon + ~3F Froi
- “W(O“Fﬂ) (D)) FunFoa +§; ww bt

the ’meson” polarizabilities of nucleons can be used in different low-energy reactions, such as
the Compton effect on heavier nuclei, ezc. The study of yd — ~d enables one to extract the iso-
scalar(vector)” polarizabilities of the nucleon o*¥ = (1/2)(cy, + ;) and 3*". The lower-energy
extractions from experiments at w = 49 and 69 MeV (Urbana Uni.) and at 55 and 69 MeV (Lund,
MAXLab) are consistent with small iso-vectorial polarizabilities [14]. The treatment of the higher-
energy w = 94 MeV experiment (SAL, Saskatoon) with the earlier theoretical calculations [15]
gives

(& — %) =26+ 1.8

instead of expected value ~ 9.0 (in units of 10 f'm3). More recent and corrected calculation
of the same authors, presented as the contributed paper at EMIN-2009, essentially removed this
discrepancy.

In view of available data and planned experiments on the yd — d reaction we stress its utility
to inquire on new information and/or constraints on characteristics of d;j(1956), in this ~formation-
type” resonance excitation process. The contributions of possible NN-decoupled dibaryon reso-
nances to the photon-deuteron processes like yd — vd or yd — 7~ pp have eatlier been con-
sidered in [16].The emphasis was made there on the isoscalar resonances with quantum num-
bers I = 0.J" =0%,1 . Continuing our earlier line of discussion [17], we focus here on the
di(I = 1,J% = 1%*)-resonance and present some additional comments aiming to attract more
attention to the specifics of the explication of this resonance in the energy range pertinent to the
forthcoming new data on the Compton scattering from deuteron and He — 3. We have in view the
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ongoing investigation of the ~yd -reaction in MAXLab, where the tagged-photon facility will be
used to measure the scattered photon angular distribution between 60° and 150° over the photon
energy range 60 + 115 MeV in 5 MeV steps [18].

Below we give the estimation of the contribution of the photoexcitation of dj into the averaged
differential yd -scattering cross-section and to the real part of the dynamic magnetic polarizability
of the deuteron which should, in principle, be added to the meson polarizabilities of bound nu-
cleons as an additional structure-dependent effect that might influence the observables of the yd-
elastic scattering, around the photon energies close to w3 ~ 82M eV, the resonance photoexcita-
tion energy of d1(1956). The second mentioned estimation can be done with the help of the known

dispersion sum rule
oBW

1 mi(w)
Ro6P(w) = 2—7T~§P/dw Tz (5)
where the cross-section of the magnetic-dipole radiative transition yd — dj — X is taken in the
standard Breit-Wigner form, in which one should define I';;(d}) and BR(d} — vd) < 1. The
data of the SAL Collaboration [19] on ~d -scattering at wy,, ~ 94MeV have the scale of 12-18
nb/sr, with variations of approximately 2 nb/sr in energy bins of AW ~ 3MeV. The distance

of their energy from the presumed w5’ ~ 82MeV is much larger than I',,,(d}) and this enables

one (o get an upper bound of I'(d} — ~vd) < 5KeV which is rather weak one. Much stronger
bounds will follow from the forthcoming data of MAXLab measurements in the resonance region

Wres £ 2 ~ 82 + 2 MeV . For instance, if we take maximally large BR(d} — ~d) = 1 then

the resonance enhancement of the cross-section, averaged over AW ~ 3Me¢eV, by amount,say,of

5-0 < do/d) >== 10nb/sr will result in the total width estimate of 'y (df) ~ 1 ¢V. Hence, either

[0t (d}) acquires the values of the order of O(eV), as estimated within the soliton model of the
narrow N N-decoupled dibaryons [22], or the BR(d} — ~d) < 1, which would still need proper
dynamic justification. The evaluated R03(w) reveals the cross-over at w = w,, ~ 82MeV, but as

it is proportional to the value of I';,,(d7), the maximal difference of its values before the crossing
zero and after the crossing is of per-cent order as compared to typical experimental uncertainty of
Bp(n) itself, that is negligibly small.

Returning to the discussed pp—2+ypp -processes exhibiting the positive signs of the d}(1956) ex-
citation and decay, it is natural to expect that the effective strength in the vertex V((pp) j» 1 -1;7y; di) may
be quite different (in fact, higher) as compared to effective coupling in the vertex V(d 7+ j—¢;7; d}).
This will result in a quantitatively different effect of the resonance explication in the Compton scat-
tering on ® H e or on * He comparatively to the Compton scattering on deuteron target. This means,
therefore, that the resonance effect should be estimated and properly taken into account in the
extraction of the neutron polarizabilities from the planned studies of the elastic v* He -scattering,
either in the spin/polarization independent experimental set-up (e.g., [20]), or in experiments aim-
ing to measure the spin-dependent electromagnetic polarizabilities which are under preparation at
TUNL(USA) [21].

4. We briefly discuss here the question of probable d%(1950 + 1960) quantum numbers.

e. Among theoretical models predicting dibaryon resonances with different masses there is
one giving the state with IJ¥ = 11* and the mass value (~ 1940MeV') surprisingly close to the
value (~ 1956MeV) extracted from the observed maximum of the pp — pp2y-reaction. This is
the chiral soliton model[22] applied to the sector with the baryon number B = 2. The theoretical
uncertainty at the level of £30MeV might be taken here because the model gives this numerical
(unrealistic) value for the mass difference of the deuteron and the singlet level. However the esti-
mated radiative width of the order ~ O(eV') may seem to be too low.

o. There is also a kind of the hadron-constituent oriented models, e.g., the relativistic dynamic
7N N-interaction model based on the Faddeev-type equations with the specifically chosen ansatz
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for the off-mass-shell pion-nucleon interaction amplitude [23]. Specific feature of the last-mentioned
approach is the statement about the relative orbital moment ! = 1 and isospin / = 2 for the most
strongly bound cluster configuration Ps3(7/V) + N of the considered three-body 7 /N N-system.
Yet the estimated resonance mass is different from the value suggested by experiment.

e In the composite models, the cluster decomposition (6¢) = (3¢) x (3¢) or (6¢) = (qq) % (gq) %
(gq),or (6g) = (99) % (9gqq) can be assumed. The fractional-parentage expansions of colour-
singlet 6-quark states in a cluster model were considered in several works (e.g., [24]).

For qualitative estimations one can choose the NA - model with possible values of spin(S)

and isospin (I) S(I) = 1 or 2. In fact, this model was used in our calculations of the 2y-invariant
mass distribution to be compared with data of the CELSIUS-WASA Collaboration. The quantum
numbers of relevant dibaryons within the 3-diquark model, which are consistent with the Bose-
nature of diquarks and L = 0 for total orbital moment, require two axial-vector (J¥ = 1%)-
diquarks with isospin I = 1 and one (iso)scalar diquark (J© = 0%).This model gives the following
combinations of the total spin and isospin for the lowest mass dibaryons: (/ = 1,J = 0, i.e., the
quantum numbers of the “virtual” NN-state), (I = 0,J = 1, i.e., the quantum numbers of the
deuteron), (I = 2, J = 1 - the exotic, NN-decoupled quantum numbers for narrow dibaryon) (I =
1,J = 2 coinciding with the quantum numbers of known ! [),(2.17) -resonance, lying close to the
N A-threshold). The overlap of possible NN-decoupled quantum numbers with /. = 0 following
from either N A- or diquark model select as more probable isospin and spin values I = 2, J =1
for our low-lying d}-resonance. However, one can escape a potentially problematic situation with
the long-lived iso-tensor (I = 2) dibaryon if one unites, following Refs.[25, 26], one axial-vector
diquark (Aj) and one scalar diquark (.S3) into a single four-quark cluster (A4 = S; @ A2) which
should be the color-triplet iso-vector ({ = 1) and spin-parity J¥ = 1*. Hence, as most perspective
we would suggest for dj(1956) the following configuration structure: |dj(1956) >= ¢y|N,A >
+¢3,3,152(3c,0), Ay (3, 1F) >.
The presence of the color-octet 3¢-baryons is associated in the decomposition of Ref.[24] with
the antisymmetric radial wave function, hence with the negative parity and,therefore, we drop
it. Needless to say in conclusion that deciphering and testing of such a complex structure would
require further development of the theory and new experimental data.

The author wishes to thank Dr. AL L'vov for the important comment and the Organizing
Committee of EMIN-2009 for the invitation and support.
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Abstract

Double polarization measurement for ¢ photoproduction with the polarized tar-
get and a polarized photon-beam is a sensitive means to investigate small and exotic
amplitudes, such as an s3-quark content of nucleons. In order to realize the double
polarization measurements to study the ss-quark content as well as exotic hadron
structures involving s-quarks, we started to construct a frozen-spin polarized 1D
target at the laser-electron photon facility (LEPS) facility on the new basis of re-
cent technology developments in cryogenic and high magnetic field from 2004. At
SPring-8 BL33LEP beam-line (LEPS facility), the linearly-polarized photons were
produced by Backward-Compton scattering. A polarized target plays a very crucial
role in upgrading the LEPS experiments. The physics motivation for producing HD
polarized target and the present status of its development are discussed. Especially,
we discuss the experiment for ¢-meson photoproduction for the double polarization
asymmetry measurement.

1 Introduction

It is generally accepted that the low-energy properties of nucleon is well described in
terms of « and d quarks. The constituent quark model predicts that the ratio (un/py) of
the neutron and proton magnetic moments is —2/3, which agrees with the experimental
value —(.685. However, the results from the experiments of lepton deep inelastic scatter-
ing introduce a serious controversial situation. The magnetic moments from constituent
quarks only contribute 10%. Measurements of the nucleon spin structure functions indi-
cate that there may be non-negligible strange quark content and that the strange quarks
give 10—20% contributions to the nucleon spin [1, 2, 3].

A similar conclusion has been drawn from the elastic vp scattering at BNL [4]. Analysis
of the pion nucleon sigma term also suggests that proton might contain an admixture of
20% strange quarks [5, 6]. Experiments on annihilation reactions pp — ¢X at rest [7, 8, 9]
show a strong violation of the OZI rule [10]. It has also been argued that such experimental
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results could be understood with little or no strangeness content in the nucleon. Recently,
some important experiments to measure the parity-violation ep scattering (the anapole
moment of proton) have been performed at Bates [11], at Mainz [12], and at Jefferson
Laboratory [13, 14, 15, 16|, indicating a small strangeness content in proton.

These experimental as well as theoretical situations still remain a puzzle ”Does the
the s5 content exist in a nucleon?” This puzzle is a long-standing problem in physics [17],
and deeply relates our understanding of the quark generation; Is the three generation of
quarks distinctive without any generation mixing? The controversy should be solved by
providing new experimental information on the s§ content of nucleon.

The ¢-meson photoproduction is one of the promising reactions to give direct exper-
imental data for studying the ss contents of nucleon. The wave function of ¢ meson
consists of the almost pure s§ component. Thus, there is a possibility of pinning down
the s3 components in a nucleon through the knockout process, where the s§ pair cou-
ples to the photon is knocked out as a ¢ meson. Although the s5 knockout amplitude
is much smaller than that from the dominant Pomeron exchange process in the ¢ meson
photoproduction, it is predicted that double polarization asymmetries with a polarized
proton target and a polarized beam are sensitive to the s§ content via an interference
effect. Theoretical calculations suggest that the effect of the s5 content is detectable via
beam-target asymmetry Cpr measurements at E, ~ 2 GeV [18], and that the LEPS
energy region (E, = 1.5 ~ 2.4 GeV) is suitable to perform the Cpr measurement. The
afore mentioned discussion is concerned with the "hidden strangeness content” study via
the ¥p — ¢p or Y7 —> ¢n measurement.

There are also other interesting subjects to be studied via the double polarization
measurements. One is the mystery related to the bump structure in excitation energy
observed in ¢ meson photoproduction [19]. Although theories predict that the cross
sections of the ¢ meson photoproduction increase monotonically from the threshold as
a function of photon energy [20, 21], the SPring-8 experiment [19] clearly indicates that
the ¢ meson photoproduction cross section has a bump structure at around 2.1 GeV.
This experimental conclusion is consistent with the SAPHIR result [23], and has been
confirmed by the experimental result at the Jefferson Laboratory [24]. The question ” Why
does the bump structure in the ¢ meson photoproduction cross section appear at around
2.1 GeV?” should be understood theoretically. Additional experimental information from
the double polarization measurement will help to confirm the theoretical interpretation
and to answer the question. It is interesting to note here that the theory groups in Osaka
and Groningen try to explain the bump structure of ¢ meson photoproduction near the
threshold by introducing the interference effect [22].

Recently, the results on photoreactions at SPring-8 such as yp — K*X and 9p —
7p at SPring-8 have been analyzed and published [25, 26, 19, 27, 28, 29, 30, 31, 32, 33, 34,
35, 36]. Interesting observations are reported on the bump structures at around 2.1 GeV
in photoreaction cross sections for producing K-mesons and 7 mesons, both of which relate
to the s-quark production. An interesting fact is that all the bump structures observed in
cross sections, mentioned above, appear at around 2.1-2.2 GeV. The questions addressed
are; ” Are the observed bump structures related to some hidden resonance states at 2.1-2.2
GeV?” or ”Do the bumps originated from the interference effect induced by the strong
meson-nucleon coupling?”. For revealing the hidden resonances at around 2 GeV and for
giving the deeper insight of the reaction mechanisms associated with s-quark production,
it would be of very importance to have additional new experiments of ” double polarization
measurement” .

In the present report, we describe the double polarization measurement of the ¢ meson
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production, as a sample case. We also describe the present development status of the
polarized Hydrogen-Deuterium (HD) target at SPring-8.

2 Cpr measurement in ¢-meson photoproduction
The ¢ meson photoproduction consists of three components as

1. diffractive production within the vector-meson-dominance model (VDM) through
Pomeron exchange process,

2. conventional meson exchange process, such as one-pion exchange (OPE) in the t
channel: This process is strongly suppressed by the OZI rule,

3. the s5 knockout process: When the proton has the s3-quark content, the ss knock-
out and uud knockout processes should be taken in to account in the ¢ meson
photoproduction.

The main ingredient of the knockout photoproduction mechanism stems from the
assumption that the constituent quark wave function of proton contains a configuration
with explicit 8 pair, in addition to the usual three-quark (uud) component. The following
wave function for proton is a simple expression given by Titov et al. [18, 37].

|P) = alfuud]'/?) + plaq|[fuud]'” @ [s5]°]' %) + al[fuud]/* ® [s5]']/?)} (1)

The detailed description to explain the reason why the double polarization measure-
ment becomes very sensitive to the s§ content in the proton wave function is given by
Ref. [37]. Titov et al. [37] found that the study of cross section of the ¢ meson photo-
production at forward angles is not sensitive to the ss-quark content. The VDM cross
section is ten times larger than the cross section from ss-quark knockout process. How-
ever, it has been found that the beam-target asymmetry is very sensitive to the ss-quark
content. The interference effect between the VDM amplitude and the ss-quark knockout
amplitude gives an clear contribution to indicate the presence of the ss-quark content.

The beam-target asymmetry is defined as

o) —do(5) _do(d) - do)
BT do(2) +do(5) do(3) +do(3)

where the arrows represent the spin projections of the incoming photon and the target
protons, and the notations (—) and (+) correspond to the initial states with the total
spin equal to 3 and , respectively.

The beam-target asymmetry mainly appears as an interference effect between the
VDM amplitude and the small ss knockout amplitude.

Figure 1 shows the absolute value |Cpr|, which is calculated by taking into account
the ss-knockout process as a function of initial photon energy at |t|] = 0.1 GeVZ2. For
convenience, the beam-target asymmetry for background processes is also shown in Fig. 1.
We also show the data point obtained from the work of the HERMES collaboration [38].
One can see that the contribution of the ss-knockout process decreases monotonically
with increasing E.,, because of the corresponding dynamical factor (“form-factor”) which
decreases rapidly with increasing E.,,. Thus, we may conclude:

(2)

1. The expected effect of the s5 channel in the beam-target asymmetry in the yp — ¢p
process is large.
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04 — T ' T T Figure 1: The absolute values of beam-
target asymmetry calculated without
the ss-knockout (the dot-dashed curve)
and with the ss-knockout process (the :
solid line) as a function of E, at |t| =
0.1 GeV2. The data point is taken from
Ref. [38]. The formulation for the cal- -
0.0 e e XS culations are given in Refs. [18, 37, 39].
Note that the nearly pure s wave func- -
2 ] tion for the ¢ meson and the s5 content -
t=0.1GeV of 1% in the proton are assumed. The:
"0-21 — D data point expected to be measured at .
4 7 10 SPring-8 is indicated by the dashed cir-
EY (GeV) cle at around 2.4 GeV.

2. The optimum region for the study of this effect is E, = 2 ~ 3 GeV and |t| <
0.4 GeVZ.

This conclusion gives a strong support to perform the double polarization measure-
ment of ¢ meson photoproduction at E,~2 GeV at forward angles. At present, such an
experiment will be performed at SPring-8 or at Jefferson Laboratory, where the prepara-
tion of the polarized HD target is now in progress.

3 Estimations for Experiment

In order to obtain the reliable Cgy value in ¢-meson photoproduction, the key issue is a
reliable measurement of beam-target asymmetry. The beam-target asymmetry (Cpr) is
calculated by

(op —0pc) —(0a—0Bc) _ 0P —04 (3)

Cpr = = ,
(UP - UBG) -+ (UA - UB(;) op+oa— 208

where op (04) represents the spin parallel (anti-parallel) cross section from a HD tar-
get and opq describes a common background contribution mainly from an unpolarized
deuteron. The advantage of using the polarized HD target comes from the fact that
50% of dilution factor is achieved in case of the HD target, and we do not have no
serious background from carbon and nitrogen in measuring a small cross section for ¢
meson photoproduction. The powerfulness of using the polarized HD target has been well
demonstrated by the LEGS experiment at BNL [40].

Defining the ratio R= (7;% using the background cross section opg and an av-
eraged cross section (op + 04)/2, we obtain a relation between op and o4 as o4 =
]'—‘CL(I_QUP. If it is assumed that op and o4 will be measured with the same precision,

1+ Cpr(1-F)
Ao, is written as %ﬁ%{—% - Aop. By using these relations, the following equation is
obtained:
(ACm) _ {1=Chr(1=RP +CheR® (Bor) |~ F _ (Aogo)l
Cor 2CEr(1 - R)? 0% (1-R? o%
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Titov suggested that 1% of strange quark contents would produce Cpr = 0.3 in a small
|t| region [18]. The fraction R depends not only on coherent and incoherent cross sections
from deuteron but on an off-line cut for a missing mass of K+ and K~ tracks, which will
be affected by Fermi motion in deuteron. If R is assumed to be 0.5, Eqn. 4 is rewritten
as (—Agg)—z = 20.8- (A—Zfﬁ + 1.0 - (%7%?5_)2' This means that 10% (20%) precision of Cgr
requires 2.2% (4.4%) measurement of op, for example, by neglecting the second term. If
only statistical error is taken into account, ~2000 (~500) events of ¢ photoproductions
has to be collected for the successful measurement.

1.0

084 Figure 2: Expected precision for the
beam—tafget asymmetry measurement
as a function of the experimental pe-
] riod. In order to obtain the 10% error
g for the Cpp value, we need the exper-
imental run time of about 40 days in
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v.4r
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02F N\ about 3 counts/hour with a 5 cm long
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In the LEPS experiment, it is possible to produce about 2000 events of ¢ photopro-
ductions within 40 days in a K and K~ detection mode by using a 5 cin-long L1, target
(For the ¢ meson photoproduction, see the recent publication [19]). Since the counting
rate of ¢ mesons are about 3 counts/hour with a 5 ¢m long H, liquid target, the 10%
accuracy for the experimental Cgy value will be achievable within 40 days.

Figure 2 shows an expected precision of a beam-target asymmetry measurement as
a function of the experimental period. We conclude that the accuracy of the Cpp mea-
surement reaches at 10% level within a beam time of 40 days. Since the photoproduction
cross sections of A and ¥ particles are the same order of 1 ubarn at forward angles, the
Cpr values for K* photoproduction also become available with reasonable good accuracy.

4 Installation of the HD target

As the first stage of the HD target development, we clean up the existing building for the
cryogenic system at RCNP. Twenty years ago, this building was used to produce liquid
He for the superconducting solenoid magnet. But, the equipment became old and it was
not used for about 15 years. The building was almost empty. This building was very
suitable for our purpose to produce the HD target at RCNP. The infrastructure such as
the power line and air conditioning system were improved to fit to the aim of the HD
target production. This was also officially good since the building was not used in the
correct way for the cryogenic purposes for a long time. Fortunately, it was decided at
RCNP that this building could used for the HD target from 2004. It should be noted
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that the essential mechanism of polarizing protons in the cooled HD solid and keeping
the long relaxation of polarization has been already discussed by Refs. [42, 43, 44].

We started the actual design for the installation of the HD target in 2004. The
HD target project has been approved by Japanese government as the five year project,
and started from 2005. Among all the equipments necessary to produce and exploit
polarized HD, the key ingredient is the *He+3He dilution refrigerator equipped with a
high field superconducting coil. This type of equipment is commercially available and can
be delivered within one year after the contract.

Firstly, we prepared the experimental house with a hole to install the *‘He+3He dilution
refrigerator to cool the HD target down to around 10 mK. The deepness of this hole is 6
m and the diameter is 0.9 m. We started the actual construction of the HD production
facility from 2005. The dilution refrigerator (DR) introduced at RCNP was a newly
designed one from Leiden cryogenics Co. LTD, the Netherlands with a cooling power of
about 2700 W at 100 mK and with a lowest achievable temperature of 10 mK. Although
the roots pumps were used to evacuate the “He and 3He gases for dilution cooling in the
past, we employed turbo molecular pumps instead of the noisy roots pumps. This helps
us a lot for a stable long-run operation of the DR without any serious problem.

In order to polarize protons in the HD target, a 17 Tesla superconducting magnet was
assembled with this new DR. This 17 Tesla magnet was fabricated in Japan with the help
of the JASTEC Co. LTD. In order to reduce the cost of liquid *He for a long run of the
DR, we installed a pipe line for “He gas recovery by connecting the DR to the central “He
liquefier of Osaka University. This *He recycling system gives us a great merit to reduce
the *He gas cost by 90%. Since there are many parts which are necessary to be developed
at the RCNP side, we started the developments of small devices such as the NMR system
from 2004.

LO =~ B=17 Tesla
[\ N
. \
o8t
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= . Proton Polarizati
c{g 0.6 — \ \\o on Polarization
.g | \. \\\
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Figure 3 shows the polarizations for proton and deuteron as a function of temperature
at 17 Tesla. With the advantage of a high magnetic field of 17 T and a low temperature
of around 14 mK, we can achieve the proton polarization of 85%. If we take into account
the state-of-the-art technology for the polarized HD target,

1. one can follow the protocol to transport the polarized HD target into the In Beam
Cryostat (IBC) which is now rather well established by numerous polarization runs
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at Brookhaven [41],

2. one can use a double distilled HD gas with a high quality, for which the distillation
apparatus already installed at RCNP and its performance is checked. In collabo-
ration with the ORSAY group, we have exported the HD-gas distillation still from
ORSAY [46], and are developing furthermore the still in order to get a purity HD
gas better than 10~ with a relatively fast speed.

The IID solid is a heat insulator, making a difficulty to cool down the inside of the solid
HD. To solve the bad heat conductivity of the HD, thin wires with purified Al materials
are introduced to cool down the inside of the HD. There is an alternative idea to solve
this problem. Normally, the solid HD consists of policrystal, in which small HD crystals
are assembled with a random direction. If we can make the monocrystal HD, it is possible
to let the HD solid have a heat conductivity much better than the policrystal HD. It is
expected that the heat conductivity of monocrystal HD is 100 times better than that of
the policrystal I1D. Thus, if we can make a large monocrystal HD target, we can remove
the Al wires as heat sink of the HD target. Technically, it is feasible to make such a
monocrystal HD. At RCNP, we promote this development in making a monocrystal and
in measuring the heat conductivity of the monocrystal HD [47]

The development of the NMR. system to measure the absolute polarization is also in
progress: we have achieved the HD polarization by using the DR with 17 T magnet.
After about one month operation, we obtained a proton polarization of about 40%. We
have confirmed that the relaxation time of the proton polarization has reached at about

3 months. The detailed description about the afore-mentioned developments is partly
Anonvibhad v RDAF [4Q1

Figure 4: A design drawing of the in beam
cryostat (IBC) for the Cpy measurement at
SPring-8. The HD target is cooled down to
about 250 mK to keep the long relaxation
time of polarization. Two superconducting
Helmholtz coils are arranged around the HD
target: One Helmholtz coil generates a verti-
cal magnetic field with a strength of 1 Tesla
and the other horizontal coil generates a hor-
izontal magnetic filed of 1 Tesla. By combin-
ing the two magnetic fields, we can change
the spin direction of polarized proton with-
out any loss of polarization.

Figure 4 shows the schematic drawing of the In-Beam Cryostat (IBC) for the Cpr
measurement, which has been installed for the LEPS experiment at SPring-8. The cooling
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system of the IBC is on the basis of the “He+3He dilution. The HD target will be be
cooled down till 0.25 K. In order to greatly reduce the consumption of liquid *He, we
use a cryogenerator for re-condensation of evaporated “He gas. Although it increases the
original fabrication cost, we can save the operational cost of using liquid *He. The cooling
ability around 0.25 K is extremely attractive to increase the relaxation times of the HD
polarization.

The polarization of the HD target is kept in the magnetic field generated by the two
sets of 1 Tesla Helmholtz coils: One is arranged in the transverse direction, and the other
is arranged in the vertical direction. By changing the currents for the two Helmholtz
coils, it is possible to change the applied magnetic field from the transverse to the vertical
direction, and also possible to change the field direction to the opposite side. According to
this manipulation of the magnetic field, the spin direction of polarized proton or deuteron
can be changed. In principle, this change of the polarization direction can be performed
without any loss of the HD polarization if the relaxation time is long enough.

At SPring-8, photons generated by Compton back-scattering are linearly polarized
because of the 100% laser polarization. The linear polarization is easily manipulated to
convert into the circular polarization, which has been demonstrated in the test experi-
ment at SPring-8. Therefore, it is possible for us to measure the complete polarization
observables with various combination of spin degrees of freedom for the beam and target
spin directions.

We have already installed The transfer cryostat (TC) and storage cryostat (SC) for
moving the polarized HD target from the dilution cryostat to the IBC without any serious
loss of the obtained polarization. At present, all the installed devises are tested for the
LEPS experiment with the HD target. The LEPS experiment has been scheduled to be
performed in the year 2010.

5 Final Remarks

We started to construct a polarized HD target for photoproduction experiments at LEPS
facility at SPring-8, where a polarized photon beam is available in the energy region from
1.5 to 2.4 GeV with a photon intensity of a few times 10°/sec. We aim to perform the
experiment of ¢ photoproduction off a nucleon at forward angles as a main motive force.
Measurement of the double polarization asymmetries for the ¢ photoproduction with the
polarized target and the circularly polarized photon beam enables us to investigate small
and exotic amplitudes via the interference with dominant amplitudes. We can study the
interesting subjects such as the ss-quark content of nucleons, which is currently considered
to be non-negligible. A measurement of a beam-target asymmetry at small || (forward
angles) with a 1.5 — 2.4 GeV photon beam is promising to extract a small component via
a large interference effect.

Other subjects in hadron physics, such as the spin-determination of the pentaquark
particle can be also accessible in a clear method via the polarization observables by using
the HD target. An interesting subject is the study of the ©% pentaquark particle [49, 50].
The existence of the ©F pentaquark particle at 1540 MeV itself is in the controversial
situation [51]. Theoretically, the problems addressed stem from the fact that the spin
and parity values are not uniquely determined: The candidates are 1/2%, 1/27, 3/2%,
3/2~, depending on the theoretical models. In order to determined the spin and parity
values of the ©F, the polarization measurements are discussed theoretically [52, 53]. Ex-
perimentally, the spin-parity determination is difficult because of the poor statistics of

43



the measured ©F yields. However, if the HD polarized target becomes available with a
long relaxation time, it is possible to make a complete measurements of the polarization
observables for the ©* particles with a long run at SPring-8. We should await long to
perform this kind of a long run experiment after the final setup of the HD target.

Double polarization measurements to detect K mesons yielding the A and ¥ particles
would be also the interesting subjects to be studied in view of the reaction dynamics
involving strange quarks and also in view of the hidden resonances expected with the mass
of 2-3 GeV. These measurements are rather easily performed as a short term program after
the completion of the HD target, and some interesting results will be reported soon.

In 2010, the 5 years budget for the construction of all the devises for the HD target
project will be terminated. During these 5 years, all the designed devises have been
fabricated and many tests have been done to confirm the devise performances. We plan
to have the first test experiment with the polarized HD target in 2010.
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New frozen-spin target for experiments at MAMI C
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Abstract

A new frozen-spin polarized target intended for experiments at the polarized photon beam
of the MAMI C accelerator in combination with Crystal Ball detector having high angular
acceptance is described. The central part of the target apparatus is a horizontal *He/*He
dilution refrigerator providing target temperature about 25 mK which ensures a polarization
relaxation time up to 1000 hours. A superconducting holding coil integrated into the target
cryostat provides 0.5 T longitudinal/transverse magnetic field to maintain the target
polarization in the frozen-spin mode. The main goals of the experimental program using this
polarized target represent a test of the Gerasimov-Drell-Hearn (GDH) sum rule for the
nucleons at photon energies up to 1500 MeV as well as an investigation of the helicity
structure of partial reaction channels.

1. Introduction

The study of the spin structure of the nucleon represents an important part of the physics
program for the MAMI C accelerator. This will be attacked by doing double polarized
expertments with the use of linearly or circularly polarized energy marked photons in
combination with the new polarized solid state target and the Crystal Ball detector which will
allow the determination of polarization observables with high accuracy.

In the study of spin-dependent reactions on the nucleon the experimental verification of
the Gerasimov-Drell-Hearn (GDH) sum rule [1,2] and in more general terms a study of
polarized photon cross-sections in a wide photon energy region from 140 to 1500 MeV is of
special interest. The GDH sum rule relates static properties of the nucleon to the difference of
the total photoabsorption cross sections for parallel (o,) and antiparallel (6,) photon-nucleon
spin configurations:

dv _2r'a 2

2 2

(D

[0, —00" ==
where vy, is the pion photoproduction threshold, a is the fine-structure constant, m and k are
the nucleon mass and its magnetic moment. Since the model independent derivation of the
GDH sum rule is based on very fundamental physical principles and the widely accepted no-
subtraction hypothesis an experimental test of the sum rule also represents an experimental
check of the underlying assumptions used in its derivation, if the integrand can be determined
over whole energy range.

Apart from measurements of polarized total cross sections, which are needed for a test
of the GDH sum rule, the determination of the polarized partial cross-sections of all meson
photoproduction channels on proton and neutron is an important goal of the experiments.
Polarized cross-sections of yN channels allow one to verify predictions of various nucleon
models in a very detailed way. This certainly will lead to a development of improved nucleon
models and to a growing understanding about the structure of the nucleon and its resonances.

To test experimentally the GDH sum rule the total cross section of circularly polarized
photons on longitudinally polarized nucleons has to be measured. Circularly polarized
photons are obtained as a result of the bremsstrahlung process of longitudinally polarized
clectrons and energy marked in the Glasgow-Edinburgh-Mainz tagger with a resolution of 2
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MeV. The photon polarization is determined by a Meller polarimeter and the photon beam
intensity is about 5-10° s, These conditions require the use of a solid state target having a
high density of polarized nucleons (of the order of 10 cm™). The main detector system
includes the Crystal Ball, consisting of 672 NaJ(Tl) crystals, in combination with the TAPS
detector for the forward angles, leading to an angular acceptance close to 4n. To match the
detector geometry the horizontal alignment of the refrigerator was used so that the beam axis
coincides with the refrigerator axis. A general view of the experimental set-up at Mainz is
shown in Fig. 1.

47 photon spectrometer @ MAMI

C | Ball:
TAPS: 672 NaJ detectors
522 BaF2 detectors 3Scm long crystals
max, knefic energy 16 radiation length
38
T B0 Mey Energy resclution:
K*:280 MeV 7%
1360 MeV Ceg_ 175
E (Ge)™
7 Angular Resolution:
o, =2’ /sin®

max. kinetic energy
nt:233 MeV
W nt:240 MeV
E*:341 Mev
p:425 MeV

Fig. 1. General view of the experimental set-up at Mainz

2. Frozen spin target principle
In the thermal equilibrium the general form of the polarization degree for particles with
spin S at absolute temperature 7 in external magnetic field B is given by the Brillouin function

=2S+100th(2S+1gyBs)__1_COth(g:TBs) @

P
§ 28 28 kT 7 28

where g is the g-factor, u the magnetic moment and & the Boltzmann constant. As follows
from equation (2), in a magnetic field of 2.5 T at absolute temperature 1 K the polarization
degree for electrons is more than 92% while for protons it is only 0.25% and for deuterons
even less than 0.05%. A magnetic field of approximately 10 T and temperatures of 20 mK are
necessary to polarize protons to a degree of 47%, the polarization degree of deuterons is then
still only 10%. This way of polarizing protons and deuterons is called “brute force method”.
To obtain these conditions is very difficult and expensive, in addition detectors and outgoing
particles are affected by the high magnetic field. Moreover, the build-up time for the final
nucleon polarization in thermal equilibrium is some weeks due to the weak spin-lattice
interaction. To overcome all these problems the nucleon polarization is enhanced by the
principle of the dynamic nuclear polarization (DNP) [3,4]. In this method the coupled
electron-nucleon system has to be considered. A double spin-flip transition of electron and
nucleon is produced by the application of an external microwave field with the proper
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frequency. The electron flips its orientation back in some milliseconds, while the nucleon at a
temperature of 300 mK and a magnetic field 2.5 T keeps it for several hours. The electron
couples again with another nucleon and the process continues. By this the polarization degree
of the target material increases. Depending on the selected hyperfine transition (the
microwave frequency), the nucleon spin could be aligned parallel or antiparallel to the
external magnetic field. To drive the transition uniformly the target material has to be placed
into the magnet with the field homogeneity better than 10 over the whole target sample
(usually a large superconducting solenoid magnet surrounding the target completely is used,
which, however, reduces strongly the angular acceptance).

To free the experiment from the constraint of having the target inside a big magnet and
to allow large solid angle for observing scattered particles the frozen-spin method was
developed [5,6]. The principle of the frozen-spin target is as follows. Once the maximum
polarization degree is achieved via the DNP process the microwaves are turned off. At this
moment the temperature is driven down to about 50 mK (or below), where the spins get
“frozen” and the relaxation time increases drastically. Then the field of the polarizing magnet
is reduced and an internal holding coil keeps the magnetic field at about 0.5 T. After that the
polarizing magnet is removed and the detector is installed around the target.

As illustrated in Fig. 2, the frozen spin target can be divided into some subsystems:
He/*He dilution cryostat with the internal holding coil, pumping system, polarizing magnet,
microwave system, NMR system, and control system. The following sections will go into
details of all these parts for the new Mainz target.

He3/He* Roots Components of the
4000m3/h polarized target
Vacuum system for the Crystal Ball
detector

Target material

H-Butanol

D-Butanol
Microwaves .
70GHz
Dynamic
Nuclear
Polarization
Superconducting
Horizontal He?*/He? Polarization magnet
NMR-Apparatus Dilution refrigerator S Tesla
106 MHz (25 mKelvin)
with internal

Polarisation meas. Holding coil

Fig. 2. Sketch of the frozen-spin target with its subsystems

3. *He/*He dilution refrigerator

A central part of the target apparatus is the *He/*He dilution refrigerator. In the case of the
Mainz A2 real photon facility the beam cases neither serious heating problems nor the
radiation damage problem for the target material in a typical experimental conditions. To
provide a relaxation time of the order of 1000 hours for the target material in the frozen-spin
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mode the refrigerator needs to have a base temperature well below 50 mK (preferably around
30 mK). On the other hand, to meet a requirement of a large thermal load in the DNP mode its
cooling power at 200 mK must be over 10 mW.

Thus a horizontal refrigerator with axially symmetric geometry was built, its axis being
along the photon beam axis. Total length of the refrigerator cryostat is about 2 meters and its
diameter amounts to 65 mm in the target area and to 300 mm in the back part. Console type
design was chosen with centering elements providing necessary mechanical rigidity and co-
axiality. Cryogenic components are placed symmetrically around the beam tube which is a
central part of the refrigerator. The dilution cryostat for the Mainz target was developed in
close collaboration with the polarized target group of JINR (Dubna) which has a lot of
experience in building this kind of facilities [7-11].

Schematic view of the dilution cryostat is shown in Fig. 3. To reduce a thermal heat load
to the low-temperature components they are enclosed by an isolation vacuum and surrounded
by two copper radiation shields. The outer shield consists of the upstream part (with the
temperature below 80 K) and the downstream part (about 30 K). Two parts of the outer shield
are thermally insulated from one another. To decrease a radiation heating a superinsulation is
used. A possibility of the initial cooling of the massive upstream part of the outer shield by
the liquid nitrogen is foreseen to shorten a pre-cooling period and provide essential economy
of liquid “He. The inner radiation shield has a temperature as low as 1.5 K.

Roou pumss Duatimdaios vacoum.

Fig. 3. Schematic view of the dilution cryostat

The dilution cryostat is cooled by the liquid *He introduced through the transfer line into
the separator bath where the helium is separated in two phases: gas and liquid. Cold gas from
the separator pumped by 60 m*/h rotary pump circulates through heat exchangers cooling the
outer shield. Another 100 m*/h rotary pump reduces the vapor pressure above the liquid
cooling down the separator to about 4 K.

Liquid “He from the separator can be supplied to the evaporator bath through the heat
exchanger, used to liquefy the incoming 3He, or directly via a bypass, the latter being used
during a cool-down process when the flow resistance of the heat exchanger is too large for a
warm gas. Two needle valves rule these alternatives. A 250 m*/h rotary pump, exhausting the
helium vapor from the evaporator, reduces its temperature to about 1.5 K. The pumped out
vapor is also used to cool down incoming gas flows in respective heat exchangers. The
evaporator surrounds and thermally isolates the still bath of the dilution unit.

The *He gas entering the refrigerator is cooled in a series of counter-current heat
exchangers. Depending on the temperature gradient and the absolute temperature different
designs of heat exchangers are used. Fig. 4 shows a schematic view of the high-temperature
heat exchangers, which pre-cool the 3He gas from room temperature to about 4 K. A tube with
the incoming *He is soldered to a capillary that carries the outgoing *He gas from the
separator. Both tubes are fixed to a perforated copper radiator with ribs which ensure a
maximum surface area in contact with the *He gas pumped out from the still. A total of 7 such
radiators are used. Two warmest radiators have conical ribs, other fivg radiators have
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cylindrical ribs. Additionally, an inner tube, used to pump out the cold ‘He gas from the
evaporator (through an annular space between this tube and the central beam tube), is also
anchored to these copper radiators.

Entrance

Fig. 4. High-temperature heat exchanger of the He pre-cooling stage

The intermediate tube-in-tube heat exchanger consists of seven 2-mm diameter stainless
steel capillaries, inserted in 10-mm diameter tube. The incoming *He moves in the space
between the capillaries and the external tube while the liquid *He from the separator goes out
through the capillaries. This heat exchanger is placed between the separator bath and the inner
tube used for pumping out the *He gas from the evaporator.

The final gas heat exchanger, which reduces a temperature of the *He from 4 K to
approximately 2 K, consists of four consecutively connected stages of similar design located
between the separator and the evaporator. Each stage includes a perforated copper disk cooled
by the *He gas pumped from the still. Three tubes are spiraled and soldered to the disk. The
largest tube contains outgoing cold “He gas from the evaporator. Warmer ‘He from the
separator flows through one of smaller tubes; if necessary it can also go directly to the
evaporator via a bypass. The incoming *He flows through the third tube where its
condensation starts at about 2.5 K. The liquefied *He pass first through a helix capillary
placed inside the evaporator bath and then through the second helix capillary inside the still
that reduces *He temperature to about 0.8 K.

A temperature in millikelvin range, necessary for normal functioning of the frozen-spin
target, is obtained in the dilution unit which consists of the still, the counter-current heat
exchangers and the mixing chamber. This unit provides a continuous cooling of the target
sample located in the mixing chamber using *He/*He dilution process. The still bath having a
volume about 80 cm’ contains a heater which helps to obtain the necessary circulation rate of
He in the DNP and frozen-spin modes. Carbon resistance thermometers are also placed
inside the still. Downstream part of the dilution unit with the heat exchangers and the mixing
chamber is connected to the still by an indium seal. Base temperature of the refrigerator and
its cooling power depend directly on the characteristics of the heat exchangers in the dilution
unit. Two heat exchangers are used in our dilution unit: a coiled tube heat exchanger and a
sectioned sintered copper heat exchanger. The latter consists of 10 consecutive stages and has
a total heat exchanging area about 5 m® for both concentrated (*Hec) and diluted (*Hep)
phases. Fig. § illustrates schematically a design of the sintered heat exchanger. Using this heat
exchanger, the temperature of 25 mK was reached at a *He circulation rate about 1.5 mmol/s.

The working substance of the target (butanol) is placed in a cylindrical 6-cm® container
made of Teflon. This container is mounted at the end of an insert which also catries a
microwave guide and an NMR cable. By moving the insert inside the beam tube from the
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upstream side the container with the target sample is placed inside the mixing chamber of the
refrigerator. To insulate the dilution unit against the beam tube vacuum a cold indium seal is
used, which is located at a level of the upstream flange of the evaporator. In a procedure of
indium sealing remote screwdrivers mounted inside the insert are used. After fixing the insert
both the indium seal and the dilution unit are cooled down to helium temperature with a help
of a forced cooling line provided in the insert. To minimize the heat load on the mixing
chamber by a thermal radiation along the beam tube four 10-um foils of aluminium-covered
Mylar are placed in the insert.

% Cu sintered Mixin‘g

stil  *He toanme  chamber

Fig. 5. Sintered copper heat exchanger of the dilution unit

4. *He pumping and circulation system

The *He pumping system includes five roots pumps developed by the company Pfeiffer
Vacuum. They have a pumping speed of 4000 m*/h, 2000 m*/h, 1000 m*/h, 500 m’/h and 250
m’/h respectively. A rotation speed of the biggest one could be changed in order to adjust the
He flow. They are oil-free pumps and the leak rate is less 5-10° mbar-I/s. Pressure sensors
are connected before and after each pump to monitor the pressure difference. In order to avoid
overheating of the compressed gas, integrated water-cooled gas coolers are placed after the
high-pressure stages. This system pumps the outcoming gas from the refrigerator through the
valve with a 200-mm diameter hole. The *He gas from the exit of the pumping system goes
through a liquid nitrogen-cooled charcoal trap which cleans the gas from traces of water, oil
and air, passes the flow-meter and finally enters the cryostat. Two parallel lines, each
containing a cleaning trap, are used which work in turn.

5. Polarizing magnet

In order to polarize the target material a superconducting magnet manufactured by the
Cryogenic Limited was used. The magnet is able to produce a magnetic field up to 5 T with a
homogeneity < 10™. A construction of the magnet is shown in Fig. 6. A superconducting
solenoid consists of a single block of multifilamentary NbTi wire wound onto a stainless steel
former.. The conductor is casted in epoxy resin to prevent wire movement. A cryostat of the
magnet contains a 70-l liquid nitrogen bath and a 100-1 liquid helium bath. The liquid helium
consumption of the magnet at 2.5-T magnetic field used during the polarization build-up is
about 2 1/h. The cryostat has a 100-mm diameter warm bore which encloses the target
material completely in the DNP mode. After switching to the frozen-spin mode the magnet
was removed from the refrigerator in order to place the Crystal Ball detector in the data-taking
position (as shown in Fig. 1). The polarizing magnet and the detectors are mounted on a
railway system which allows to place them into reproducible positions.

The magnet control system was developed mainly by the Cryogenic Limited. The power
supply incorporates a sophisticated microprocessor unit, with all operations being monitored
through the internal firmware. It is connected to a PC and is completely controlled by a
LabView program. The ramping speed and maximum current can be set, and the induced
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magnetic field is continuously displayed. The temperature sensors and the helium level gauge
are verified at any time by the program. ;
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Fig. 6. A design of the polarizing magnet

6. Internal holding coil

A superconducting internal holding coil placed inside the cryostat of the refrigerator keeps
the target polarization in the frozen-spin mode when the external magnet is removed. A
design of the holding coil is similar to that used in the Bonn frozen-spin target [12]. It is
manufactured of 0.227-um NbTi-wire and consists of four layers, each having 600 turns
wound around a 0.3-mm thick copper holder. The holder is in a thermal contact with the
evaporator which cools the coil to a temperature below 1.5 T. To load a current from a power
supply at room temperature to the coil at about 1.5 K a high-temperature superconducting
band from the Trithor company was used. It has a critical current of 70 A at 77 K. A
maximum field obtained with this holding coil reached 0.5 T. Two versions of the holding
coil (a solenoid and a saddle-shaped coil) permit to support both longitudinal and transverse
polarization.

7. Microwave system

The microwave system was designed, tested and successfully used for the Mainz GDH
experiment on the neutron in 2003. Since then some minor changes have been made. Fig. 7
illustrates a schematics of the system. A Varactor IMPATT (IMPact ionization Avalanche
Transit-Time) diode is used as a microwave source. It is able to deliver about 150 mW with a
central frequency of 70 GHz (tunable around * 200 MHz by an external power supply). This
corresponds to the Larmor frequency of the electron in a magnetic field of 2.5 T. The Larmor
frequencies of the proton and the deuteron for this magnetic field are 106 MHz and 16 MHz
respectively. For a fast polarization build-up a microwave power of 2-3 mW/cm? is required
which amounts to about 15 mW for a 6-cm” target.

To obtain a reliable frequency value a frequency counter 598A from Phase Matrix was
used. It can measure continuous signals from 100 Hz to 170 GHz and perform pulsed
measurements from 250 MHz to 170 GHz. 1t is steered by a computer. Data are processed in a
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LabView program that controls the total set-up. A spectrum analyzer type preselector
prevents harmonics and other spurious signals from interfering with the measurement of the
desired signal. Additionally, it totally eliminates a noise. The YIG (Yttrium Iron Garnet) filter
provides effective power limiting to protect against burnout, and does not reduce sensitivity.

Fig. 7. Microwave system

The system also contains two sensors which measure incoming and reflected microwave
power. They are connected to the computer and the signals are processed by the LabView
program. With this setup it is possible to control and monitor the power and save all data for
later analysis. The time needed to polarize the target material depends on the power, the
optimum power can be tuned using an attenuator with a range up to 30 dB. This attenuator
controls the power fed into the target material, while the frequency is adjusted by the applied
voltage. Finally, an H-E tuner matches impedances of the microwave generator and the
transmission waveguide to the cryostat cavity.

A frequency generator modulates the control voltage applied to the microwave source,
and therefore the microwave signal. This can optimize the maximum degree of polarization
and the polarization build-up rate.

8. NMR system

Since all measured physical asymmetries scale with the degree of the target polarization P,
the latter should be measured with the best possible accuracy. A nuclear magnetic resonance
(NMR) system is used to determine the P value. For this purpose a coil is placed around the
target material. The coil acts as a probe in a serial resonance LC circuit that measures the Q
factor. The circuit is driven at the nucleon Larmour frequency to induce transitions between
the nucleon Zeeman levels. Changes in the polarization degree induce changes in the
magnetic susceptibility of the target material and this will modify the impedance of the coil
that can be seen by the Q-meter. NMR signal is obtained by a frequency sweep over the
resonance Larmour frequency using Rohde & Schwarz generator capable to produce
frequencies from 5 kHz up to 1.5 GHz. In order to increase the signal to noise ratio many
sweeps are accumulated (the noise reduces as a square root of the number of sweeps). Initially
the NMR system with so-called Liverpool Q-meter was used (Fig. 8). However, the HF
Liverpool NMR box is no longer commercially available, and it was replaced by Minicircuits
HF components. They create a circuit that amplifies the NMR signal and processes it. The
processed signal goes via a PCI-68M I/O M-series board (National [nstruments) to the PC,
where a LabView program reads and analyzes it.
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. 9. Control system .
The subsystems of the frozcnvspm target present different requlremcnts to the control

system, from the fast NMR readout to the stow control of the cryostat. Another:important task
is given by safety considerations. The main idea is to have a modular control for each
subsystem integrated in the same software in order to allow easy data transfer from one to
another. Each of the NMR, polarizing magnet and microwave systems has a dedicated
Windows PC with a LabView software installed on it. In the previous sections an explanation
of these parts was given, thus in this section an attention will focus on the cryostat control

system.
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Fig. 8. NMR system with a Liverpool Q-meter

The cryostat control system is showed schematically in Fig. 9. Temperatures inside the
cryostat are monitored with secondary thermometers including one calibrated RuO and
different PT100, Allen Breadley, Speer and TVO resistors. AVS resistor bridges measure the
resistance precisely and without disturbing noise. A Keithley digital voltmeter monitors less
important sensors. Both AVS and voltmeter are connected to the computer via GPIB, and the
LabView program reads the values. The AVS resistor bridge is optically coupled with the
computer to avoid an influence of the GPIB bus clock frequency.
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Fig. 9. Schematic view of the cryostat control system
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The gas flows in different stages of the refrigerator are adjusted with 5 needle valves,
driven by the step motors. A LabView interface was developed that can be used to set the
positions of the needle valves in order to optimize the refrigerator functioning. The rest of the
valves, pressure gauges, flow meters, and pumps are handled with three Simatic CPUs. One
CPU operates the Roots Pumps unit, another runs the *He pre-cooling stage and the third one
controls the *He line. The CPU of the Roots Pumps unit acts as a master, and it is connected
to the two slaves via the Profibus, and to the computer by an MPI cable. Each CPU has some
modules for Digital Input/Output and Analog Input/Output signals, which are connected to
the CPU that runs the Simatic Step7 control software. An intuitive LabView interface was
created, where all the parameters are shown. Step7 and LabView are connected using AGlink
software.

10. Summary
The new solid-state polarized target suitable for an investigation of the spin structure of
nucleons by doing double polarization experiments at the MAMI C accelerator was
developed. The horizontal design of the dilution refrigerator and the use of a thin internal
holding coil enable the placement of the Crystal Ball detector directly around the forward
end of the refrigerator to keep the high angular acceptance of the detector system.
Complete test of the target facility has been performed in July 2009. High proton
polarization was achieved and measured. In the frozen-spin mode temperatures well
below 30 mK were reached which correspond to long polarization relaxation times (up to
1000 hours). It means that during experiments the nucleon polarization has to be refreshed
only about twice a week resulting in more efficient data-taking. First beam test with the
frozen-spin target is scheduled for December 2009. Some future experiments are listed
below:

e experimental verification of the Gerasimov-Drell-Hearn (GDH) sum rule in the

energy range up to 1500 MeV;

e helicity dependence of n°, 7n°a°, 7’2" and n production on the proton in the region of

the D;3(1520) and F;5(1680) resonances (requires circularly polarized photons and

longitudinally polarized protons);

o measurement of the G asymmetry in yp—pn° and yp—na’ (sensitive to the Roper

resonance Py;(1440); requires linearly polarized photons and longitudinally polarized
protons);

e photoproduction of #-mesons on the neutron: measurement of double polarization
observable E (sensitive to D5 (1675) resonance; requires circularly polarized photons
on longitudinally polarized deuterons).
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Introduction

Photonuclear reaction data are very important for many basic research such as
investigations of structure and dynamic of atomic nucleus and nuclear reaction mechanisms.
At the same time they are widely used for variety of applications (radiation shielding design,
radiation transport analysis, activation analysis, astrophysical nucleosynthesis, safeguards and
inspection technologies, human body radiotherapy absorbed dose calculation, etc.). Various
parameters of photonuclear reactions are needed, but reaction cross section energy
dependence (excitation function - probability of interaction of definite energy photons with
nucleus) is the most important one. After absorption of initial y-quanta excited nucleus emits
nucleons or their combinations. With the most probability one nucleon is emitted, with the
less one two and more nucleons are emitted. That circumstance together with the energy
threshold values for correspondent reactions define the total photoabsorption cross section

o(y,abs) = o(y,n) + o(y,np) + o(y,n2p) + o(y,2n) + o(y,2np) + 6(y,2n2p) + 6(y,3n) + o(y,3np)
+o(y,3n2p) + ... + o(y.) 1)

including those for main Giant Dipole Resonance (GDR) decay channels.

Balance of cross sections of reactions with several (primarily 1 and 2) outgoing
neutrons is very important characteristic of nucleus photodisintegration processes such as
competition of various decay channels, roles of direct and -statistical processes, effects of
GDR configurational and isospin splitting and many others.

But experimental investigations of photonuclear reactions with various numbers of
outgoing products are very complicated because, first of all, closeness (Table 1) of various
reactions thresholds [1].

Table 1
Stable Sn isotopes abundances in natural mixture and energy thresholds
of main photonuclear reactions

Reaction threshold, MeV

[sotope |Abundance, %

Bn Bp BZn B2p Bnp B3n B3p B2np B4n
"2Sn 0.97 108 [ 7.6 {19.0 [129 [17.6 [30.2 {21.8 [25.6 38.9
Sn 0.65 103 [ 85 [18.0 {146 [17.9 [288 [242 [256 | 370
oS0 14.53 96 |93 [17.1 [16.1 [183 [274 [264 [256 | 352
'Sn 7.68 69 |94 [165 (169 |162 [24.1 [273 {253 344
gh 24.23 93 [10.0 [16.3 {175 |18.8 [25.8 [28.5 |25.6 334
Dgn 8.59 6.5 [10.1 [15.8 [182 [16.5 [22.8 [294 [253 32.3
120G 32.59 91 [10.7 [15.6 [19.0 [19.2 |249 [30.7 |25.6 31.9
228n 4.63 8.8 [11.4 {150 [20.6 [19.6 [24.1 [333 [25.7 30.6
124gn 5.79 85 [12.1 144 [221 [20.0 [233 [354 258 294
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That is very clear that for energies higher then threshold B;, of reaction (y,2n)
registration of neutron must be accompanied by identification of reaction - (y,n), (v,2n),
(7,3n),... — in which that neutron was produced. Without such identification only cross section
for the total neutron yield reaction

o(y,xn) = o(y,n) + 20(y,2n) + 3o6(y,3n) + 4do(y,4n) + ..., )

in which partial reaction cross sections are included with correspondent multiplicities (1, 2, 3,
4, ...)) can be determined. One can see from the data of Table 1 that studying
photodisintegration of Sn isotopes besides neutron decay channels those in which emission of
neutron is accompanied by proton emission must be taken into account. For example for
N21416G, B, < B, and for several isotopes By, ~ B,,. Because that reason the equation

o(y.xn) ~ o(y,nX) + 26(y,2nX) + 36(y,3nX) + 4o(y,4nX) ..., 3)

where “X” means the sum of all processes in which emission of one or two neutrons is
accompanied by emission of other particles must be used instead of (2). It must be pointed out
that in the energy range investigated (E < 25 MeV) cross sections o(y,3nX) and all the more
o(y,4nX) are small and moreover for many Sn isotopes are not well known.

Different methods are used for identification of neutrons from the reactions (y,nX) and
(v,2nX). In experiments used quasimonoenergetical annihilation (QMA) photons for
determination of neutron multiplicity its mean kinetic energy was used. In experiments used
bremsstrahlung (BR) for determination of various multiplicity neutron parts the equation of
statistical theory of nuclear reaction was used [2].

Essential difference between those methods is the reason for clear disagreements
between data obtained in various experiments. Many special works [3 — 6] were devoted to
investigation of such systematical disagreements reasons, to development of methods for
overcoming such disagreements and to joint evaluation of various experiments results. Results
of Sn isotopes investigations [7 — 11] give to one rich experimental material for various
experiments joint analysis and evaluation and for obtaining of reliable data for partial reaction
cross sections.

In this work the way for such reactions cross sections evaluation free from shortcomings
of neutron multiplicity sorting problems is proposed. It uses experimental data for only total
photoneutron yield reaction cross sections ¢“P(y,xn) and theoretically calculated data
describing competition of reactions with one, two and more neutrons for determination of
their contributions into ¢®(y,xn). Such treatment became fruitful at last time because of
evident progress in describing of various channels of GDR excitation and decay and their
competition for many nuclei and for various Sn isotopes among them [12 — 14]. In the frame
of preequilibrium model based on Fermi gas densities [13, 14] it was possible to investigate in
details the effects of nucleus deformation and GDR isospin splitting on GDR excitation and
decay processes.

1. Experimental data on photoneutron reaction cross sections
for AMIIGIT,1IS119,120,122,124

Total photoneutron yield reaction cross sections ¢™(y,xn) (3) and separately parts
6“®(v,nX) and 6°**(y,2nX) for Sn isotopes were obtained in BR- [7 — 9] and QMA- [10, 11]
experiments (Table 2).

In BR-experiments (Russia Moscow State University Institute of Nuclear Physics [7 —
9]) partial reaction cross sections were obtained via the following way. At various values of
bremsstrahlung photon spectrum end-point energy E™ the experimental yields Y(E™) for
total photoneutron yield reaction (y,xn) (3) were measured
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Y(E™)=a j W(E™ E)o(E)dE, 4

Eth

where o(E) - is cross section of the reaction o(y,xn) with threshold Eg at photon
energy E;
W(E™™ E) - is bremsstrahlung photons spectrum with end-point energy E™™;
o ' - is normalization constant.
Table 2
Information about photoneutron reaction cross section experiments for Sn
Isotope c™P(y,xn) o™ P(y,nX) o”(y,2nX)
BR QMA BR OMA BR OMA
"Sn [7] [71* [71**
*Sn [8] [8]* [8]**
15Gn [8] [10,11] [8]* [10, 11] [8]** [10, 11]
sn [8] [10, 11] [8]* [10, 11] [8]** [10, 11]
"8Sn [71 [12, 13] [71* [10, 11] [7]** [10, 11]
"Pgn [18, 9] [10] [9]* [10] [9]** [10]
g (7] [10, 11] [7]* [10,11] [7]**
'*’Sn [8] [8]* [8]**
12460 [8] [10, 11] [8]* [10, 11] [8]** [10, 11]

* 6™P(y,nX) reaction cross section data, obtained (see further (7)) using data [7 - 9]. -
** 5°P(,2nX), nonmyueHHrIie reaction cross section data, obtained (see further (6)) using data
[7-9]

After that cross section o(E) of reaction (y,xn) were obtained by the solution of integral
equations system (4) using the variable-bin method of Penfold-Leiss. Twiced contribution of
6“®(y,2nX) into c*P(y,xn) were taking into account using special corrections obtained in the
frame of statistical theory of nuclear reactions [2] and total photoneutron reaction cross
sections were obtained:

c”(y,sn) = 6P (y,nX) + 6 (y,2nX) = 6”P(y,xn) - 6°¥(y,2nX). (5)

We used published [7 — 9] data for 6®P(y,xn) and ¢***(y,sn) for determination (symbols «*»
and «** in Table 2) of 6*P(y,nX) and ¢°**(y,2nX):

¢”*(1,2nX) = c*(y,xn) - c”*(y,sn), (6)
c“P(y,nX) = c“¥(y,sn) - 6”(y,2nX) = ¥ (y,xn) - 26°*(y,2nX). @)

In QMA-experiments (USA National Lawrence Livermore Laboratory [10] and at
France Centre d’Etudes Nucleaires de Saclay [11]) because annihilation photons always are
accompanied by positron bremsstrahlung, experiment is carried out by three steps:

1) measurement of the reaction yield Y.+(E) (4) under the action of photons both from
positron bremsstrahlung and annihilation;
2) measurement of the reaction yield Y.(E) (4) under the action of photons from electron

bremsstrahlung;
3) subtraction (under appropriate normalization and with assumption that bremsstrahlung

spectra are identical for electrons and positrons)
Ye(E) - Ye(E) = Y(E) ~ o(E) )

and interpretation of that difference as reaction cross section under investigation.
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For separation of partial reaction cross sections ¢“®(y,nX) and ¢"®(y,2nX) the
dependencies of neutron multiplicity on neutron mean kinetic energy were used. For that at
Livermore [10] the “ring-ratio method” was used. In that it was supposed that ratio of
counting rate in the outer ring of neutron detectors to that in the inner ring is strong,
monotonically increasing function of the energy of photoneutrons. At Saclay [11] the large
Gd-loaded liquid scintillator calibrated by means of radioactive source was used for mean
photoneutron energy measurement.

2. Systematical disagreements of photoneutron reaction cross sections

112,114,116,117,118,119,120,122,
for 1 l!4ll6ll 118,11 01221248n

Things described show that the conditions of various experiments [7 — 11] under
discussion are quite different. So it is not so surprisingly that significant disagreements were
found out both in shape and value of identical reactions cross sections. It is very important to
point out that the differences between experimental cross sections are bigger (in many cases
much more) than statistical uncertainties. The most clear are disagreements have place for
energies higher threshold B,, of reaction (y,2nX). For example Table 3 contains comparison
of partial photoneutron reaction cross section data obtained in two QMA-experiments [10,
11].

Table 3
Data [6] on integrated cross section ratios of reactions (y,nX) and (y,2nX) obtained at Saclay
[11] and Livermore [10] (Eint-min and Ein.max — low and high integration limits)

Eintmin, | Eintmaxs | R(N) = 6 ine(7,0)/0 m(y,1), | R(20) = 6 in(7,20)/0 in(y.20),
Nucleus | MeV MeV arb. units arb. units
ogn 17.1 22.1 1.10 0.92
gn 16.7 21.1 1.02 0.93
18gn 16.3 21.6 1.07 0.86
120¢n 15.6 224 1.00 0.86
gn 14.6 21.6 0.93 0.94

Typical disagreements between the results of QMA- and BR-experiments are illustrated
also on the Fig. 1 (for example data for 1205 are presented). One can see that i) cross sections
o“P(y,nX) from [11] have larger values than those from [10] and [7 — 9] which are close to
each other and ii) cross sections 6°(y,2nX) from [11] have smaller values than those from
[10] and [7 — 9], the last ones have the biggest values.

Data from the Table 3 generally confirm existence of problems investigated in [3 — 6]
and connected with not enough reliability of the QMA-methods for partial reaction
separation. In BRA-experiments the main shortcoming for that is using of statistical theory,
because it is known [16, 17] that direct processes have noticeable (till 20 %) contribution into
photodisintegration of many nuclei.

At the same time from the data of Table 3 and Fig. 1 one can see that for isotopes Sn
under investigation disagreements between various experiments are not inadmissibly large
and therefore all of them can be compared with evaluated (see further) reaction cross sections
¢**(y,nX) and 6°**(y,2nX).

3. The new treatment to partial photoneutron reaction cross sections analysis

In connection with all mentioned above the new treatment to joint analysis and
evaluation of partial photoneutron reaction cross sections on Sn in definite degree free from
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neutron multiplicity sorting shortcomings is proposed. As initial experimental information it
is using only data for total neutron yield reaction cross section 6*(y,xn). For evaluation of
partial reaction cross sections ¢®**(y,nX) and ¢°**(y,2nX) contributions into ¢“*(y,xn)
theoretically calculated [13, 14, 18] cross sections 6™ (y,xn), " (y,nX) and ¢"**(y,2nX)
are used. In details the equations obtained in the frame of preequilibrium model of
photonuclear reaction based on the Fermi gas densities and taking into account the effects of
nucleus deformation and Giant Dipole Resonance (GDR) isospin splitting are presented in
15].

1l In Fig. 2 there is presented the example (‘**Sn) of cross sections for various reactions
calculated [13, 14] till the energy ~ 100 MeV for pure neutron GDR decay channels (y,0pkn)
and for most intensive other decay channels — those with 1 (y,1pkn) and two (y,2pkn) protons.
One can see various GDR decay channels competition.

In the frame of proposed treatment for separation of reaction with 1 and two outgoing
neutrons (y,nX) and (y,2nX) reactions cross sections were evaluated by the following way:
- theoretically calculated [13, 14] cross sections 6™ (y,nX), 6™ (y,2nX),... were combined
into the total neutron yield reaction cross section

6" an(E) = 6" 10 (E) + 26" a0 (E) + . ©)
- for each energy E special transition multiplicity function F(E) was constructed (Fig. 3)
F(E) = 6™ 20(E)6™ g xnf(E) = 6 (20 (BN [6"** ax(E) + 26" 200(E)l;  (10)

- using F(E) and experimental data for total neutron yield reaction cross section 6“*(y,xn) (3)
evaluated partial reaction cross sections were obtained for each experiments ([7, 8], [10],

[11])

Gexp”™ (r26%(E) = F(E)-6™ (yxn)(E) (11)
and
Gexp” 0 (E) = 67 xa)(E) = 26 ey 20(E) = 6™ xn)(E) — 2ZF(E)-6" g xn(E) =
= (1 - 2F(E))-c®®(;,xn)(E). (12)

It must be pointed out that because the model [13, 14] taking into account the main
mechanisms that define various GDR decay channels competition function F properties
resulted from its definition (10) do this function very comfortable tool for analysis of
reliability of 1 and two neutron outgoing processes separation. That can be shown by the
following typical features of energy dependencies F(E) calculated for all Sn isotopes under
discussion (presented in Fig. 3):

- follow definition (10) F(E) have threshold character because of presence of threshold cross
section o(y,2nX) in numerator: F(E) = 0 for energies E < B,,, at more energies F(E) rapidly
increases and reaches maximum value in 2 — 3 MeV;

- for all Sn isotopes investigated F(E) have a maximum ~ 0.46 — 0.48 on the flat energy region

with width ~ 4 — 6 MeV; in accordance with definition (10) F(E) must not have values
exceeding 0.5; if in corresponding experimental ratio 6%, 2nx)(E)/6”F y xn)(E) value is higher
0.5 that means appearance in partial reaction o(y,nX) cross section of non-physical negative
values;
- after the GDR maximum F(E) smoothly and slowly decreases to values ~ 0.40 — 0.45;
correlation of correspondent energies with those of Bs, values (Table 1) give to one
possibility to suppose that those decrease are because of new GDR decay channel with 3
outgoing neutrons opening; deviation from constant value equal to 0.5 describes (3)
contribution of 35(y,3nX).

It must be pointed out that for cases when thresholds Bs, of reactions (y,3nX) are
especially low and cross sections of reactions with 3 neutrons have noticeable values
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proposed treatment could be modified (generalized) by introducing of additional transitional
multiplicity functions

Fi(E) = 6™%4,ixy)(E)/6™% ¢ xn)(E), 13)

each of them will describe the contribution of correspondent i-partial reaction into the total
photoneutron yield reaction cross section o(y,xn).

a)

c,mb
300 —
250
200 -
150 4
100

50

b)
o, mb
140
120.
100
80—.
80—.
40 +

20

Fig. 1. Comparison of experimental (0 — data from [7], equations (6) and (7), O — da_lta
from [10], & - data from [11]) and evaluated (c****™, %, see further ((11), (12)) partial
photoneutron reaction cross sections for 2’Sn (B, = 15.6 MeV)):

a) '»’Sn(y,nX);
b) '*Sn(y,2nX).
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._:i ra o -

1 T e

E, MeV

Fig. 2. Calculated [13, 14] cross sections for reactions (y,0pkn), (y,1pkn) and (y,2pkn) —
from top to bottom - for '**Sn. Solid line — total cross section. Dotted line — quasideutron

component.
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For all investigated isotopes HZINEI01201246) cross section data for partial reaction
Cross  Sections Gy ®(1,20X) and e “(y,nX) [7, 8], [10], [11] evaluated using
correspondent experimental cross sections cs"”‘*’(y,xn) were compared with experimental data
(Fig. 4 is the example for 116Sn). One can see that in general for all investigated Sn isotopes
there are good agreement in energy positions, absolute values and shapes for both reaction
cross sections o(y,nX) and o(y,2nX) obtained using four different ways:

1) separation of partial reaction cross sections in BR-experiments using statistical theory
equations [7, 8];
ii) neutron multiplicity sorting in QMA-experiment using Livermore method [10];

iii)  neutron multiplicity sorting in QMA-experiment using Saclay method [11];
iv) experimental-theoretical evaluation of partial reaction cross sections using proposed
method.
Because disagreements of various experiments results are not dramatically large all of
them were used in procedure of joint evaluation — mean-weighting

Y (Ac(E) 7 -o(E), (14)
o_:val-]oml (E) — ! =
> (Ac(E),)

where i = 1, 2, 3 denotes cross section 6; (Gexp™ " (Y,1X) OF Gexp™"'(7,20X)) evaluated using
method described above with uncertainty Ao;:

cval-joint 1 -2 - (15)
A o e Ac(E
7 S o) 2= A7)

Comparison of data 6™, .x(E) and ¢°**"°"™, ,,x)(E) evaluated by such a way using
the results of several experiments with initial experimental data (an example was presented in
Fig 1) confirms that proposed model adequately describes experimental cross section data for
both partial reactions corresponding to both main GDR decay channels.

Data on integrated partial reaction cross sections calculated for two energy ranges: B, -
B, and By, - Bs, are presented in Table 4. They demonstrate complicated competition of
processes with escape of one and two neutrons in the range of GDR maximum. So because of
arbitrarily low threshold B,, = 19.0 MeV for lightest isotope ''’Sn large part of o(y,nX) is in
energy region where escape of two neutrons is possible. In going from lightest isotope 2gn
to heaviest one '**Sn B, is decreasing in 2.3 MeV, By, in 4.6 MeV, B3, — in 6.9 MeV. That
means that in increasing the number of neutrons in isotope energy region in which one
neutron decays could be identified definitely permanently became narrow and narrow but the
range in which the competition of one and two neutrons escape became wider and wider. So
for A > 117 ogux(E) and o2qx(E) integrated cross sections for energies Bs, - By, are
approximately equal. It must be have in mind that at energies higher ~ 23 — 24 MeV reactions

(v,3nX) are added to competitive reactions.

Table 4
Comparison of evaluated integrated cross sections o; parameters of
yovabont  o(E) and 6™H°™ ., x(E), calculated for different energy regions

Bn, E,m(Bp_n - Bn), MeVmb BZn, Eint(B3n - B ), MeVmb B3n,

Nucl | MeV (y.nX) MeV (ynX) (y,20X) MeV
"“Sn | 10.8 1370 19.0 163* 350* 30.2
Sn | 103 1150 18.0 249* 442* 28 8
"°Sn | 9.6 1030 17.1 284 408 27.4
""Sn | 69 928 16.5 390 402 241
Sn | 93 851 16.3 339 510 25.8
Sn | 65 775 15.8 456 409 22.7
"Sn | 9.1 799 15.6 423 607 249
7Sn | 88 501 15.0 456 493 24.1
"Sn 85 503 14.4 535 635 233

*) measurements till E=27 MeV (till Bs,).
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E.MeV
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1 E,MeV
30

Fig. 4. Comparison of experimental [8, 10, 11] - O and evaluated (equations ((11), (12)) - ®
data for partial reaction cross sections Ge,,™(y,nX) — left and Gex,™*'(y,2nX) — rifht for ''°Sn:

a) and b)naunsre [8];

¢) and d) nannnie [10];

¢) and f) nanuwie [11].

In Table 5 main parameters of evaluated cross sections for reaction ¢

eval-joint

(1,5n) = ™"

Pty nX) + 6**°"(y,2nX), calculated using Lorenz-line approximation are compared with
those of experimental [7, 8, 10, 11] cross sections.
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Table 5
Comparison of main parameters I'’JIP of GDR in evaluated ¢ (v,sn) = o(y,abs) and
experimental cross sections (E,, — energy of maximum, 6,, — cross section in maximum, I" —
width of maximum)

eval-loint

E,, MeV O, Mmb I', MeV
Nucl {[7,8] {1101 [[11] |ow 17,8 [(101 [[11] low |17 8 [[101 [[11] | On
26n 158 | - - |158 | 268 - - 1270 | 59 - - 53
MSn [15.7 15.8 | 265 (265 | 7.0* - - 55

"°Sn |156 [157 [156 [156 |260 [266 |270 [270 |6.0* |42 |52 |47
""Sn 154 [157 157 [156 260 [254 [255 |260 |55% |50 |53 |48
"¥Sn {155 [156 |154 [155 [272 |255 [278 265 |58 [48 |50 |45

"°Sn |154 |155 | - |156 270 |253 | - 255 |6.0* [49 | - |50
1060 1153 154 [154 [154 [297 | 280 |[284 {285 |57 |48 |53 |45
226 115.6 152 (270 - 270 |[5.0* - - 43

Sn [155 [152 153 151 [270 [283 [275 [280 |[55* |52 |50 |43
*) data absent in original publications taken from [19].

Table 6
Comparison of integrated cross sections oi of evaluated total photoneutron reaction

6@y sn) ~ o(y,abs) with experimental data
Integrated cross sections 6, of total photoneutron reaction (y,sn)

Bsy, [7.8], [10], [11], Eval., Eval., Dipole Sum of Rule,
Nucl [MeV k27MeV|<30MeV |<30MeV | (<Bsy) total 60 NZ/A

MeV . MeV-mb
25h 1302 | 1900* 1893 1893 1661
19Sn | 28.8 | 1860* 1841 1841 1684
o5 1274 | 1850 1667 1860 1719 1778 1707
Wsn 1241 | 1860 1939 1570%* 1720 1956 1718
8% [25.8 | 1920 1898 1690** 1700 1840 1729
"9Sn {228 | 1860 2078 1640 2042 1739
0Sn {249 | 2070 2092 2140 1855 2013 1750
226 (241 | 2030 1685 1887 1770
TSn (233 | 1930 2077 1620%** 1674 1925 1790

*) measurements for energies till Bs,;
**) data for energies till E =23 M»3B.

One can see that evaluated cross sections that are well presenting competition of partial
reaction cross sections 6°¥¥°"(y,nX) and 6°"*¥*"(y,2nX) are in good agreement with data for
total photoneutron reaction cross sections. Data presented give to one possibility to do definite
conclusions about the character of changing of GDR parameters in going from one isotope to
another (A increasing):

- E, decreasing in accordance with well-known estimations;
- I decreasing in connection with closing of neutron number to magic number N = §2;
- o, 1S about constant.

Data obtained show that integrated GDR cross section (evaluated in the frame of
described treatment as qe"“]"°i“‘(y,sn) ~ 6(y,abs)) in A increasing practically does not changed.
At the same time 6°**7*™(y,2nX) reaction integrated cross section is decreasing but that for
6=y 2nX) vise versa is increasing (see the Table 4 also), the reason is decreasing of
energy range Em — By, between GDR maximum and threshold of reaction with 2 neutrons.
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ON MICROSCOPIC DESCRIPTION OF THE GAMMA - RAY STRENGTH FUNCTIONS
S. Kamerdzhiev, D. Voitenkov

Institute for Physics and Power Engineering, 249033 Obninsk, Russia
Abstract

Using the Theory of Finite Fermi Systems, we obtained a non-magic nuclei generalization
of the old theoretical results by J. Speth for magic nuclei dealing with the transitions between
excited states and moment values of excited state. Such an extension is quite necessary for
microscopic calculations of the gamma ray strength function. The comparison with the
standard QRPA has shown that the modern many-body approach gives some new physics.
The calculated value of the quadrupole moment of the excited 37 state in 2®*Pb is agreed
satisfactorily with experiment. Some possible improvements of the theory are briefly
discussed.

I. Introduction

As a rule, the gamma —ray strength function is used for the statistical studies of gamma
transitions from the high-lying nuclear states near the nucleon separation energy.

One of the definitions of the gamma-ray strength function includes the transitions only
between the ground and excited states [1]. Such a definition is true, in particular, for the so-
called pygmy-dipole resonance which is being investigated at present very actively, both
experimentally and theoretically, and is very important, as known, for the description of the
radiative neutron capture; see, for example, a recent mini review [2]. Another definition of the
gamma-ray strength function, and, in a sense, a conventional one, contains transitions
between excited states [3].

In the context of quick and successful development of the nuclear structure microscopic
methods and problems of gamma-ray strength function, discussed, for example, in [4, 5], it is
necessary to consider modern microscopic feasibilities to calculate gamma-ray strength
functions microscopically, which is especially important for the nuclei where there is no
experimental information for phenomenological description, first of all, for neutron-rich
nuclei. In particular, the question arises whether it is possible to compare microscopic and
statistical approaches with the aim to understand limits of their applicability or the
applicability of some approximations and hypotheses used. Thus, in order to try to understand
the problem microscopically, it is necessary to calculate the transitions between excited states
(the microscopic theory for the transitions between ground and excited states is very well
developed; see, for example [6, 7, 8, 9]). This is the first motivation of our work. In addition,
at present there is a huge number of experimental data in the field of conventional nuclear
spectroscopy, which should be understood microscopically, see [10}. This is the second
motivation of our work. In any case, it is of great interest to understand the novelty of the
modern nuclear many-body theory in this field.

One of the modern nuclear structure microscopic approaches is the Theory of Finite Fermi
Systems (TFFS) [6] and its extensions [7, 8, 9]. For the beginning, we would like to revive the
old extended TFFS activity [7] at the modern level to calculate transitions between excited
states, with each described within the Random Phase Approximation (RPA). In Section 2 we
discuss the case of magic nuclei. In Section 3 we consider the case of non—magic nuclei and
compare it with the usual Quasiparticle RPA. The first calculations for quadrupole moments
of excited states are performed in Section 4.
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2. Magic nuclei

We will use the microscopic extended TFFS in the old sense of this term [7, 8]. This
version generalizes the standard TFFS [6] to calculate transitions between excited states and
static moments of excited states for even-even magic nuclei. In [7], using the formalism of the
six-point Green function for magic nuclei, the expression for the matrix element My of the
transition between excited states s—s’ was derived, with each described within RPA. It can be
written in the graphic form [11, 12]

My =MS +MP M

@

v '+ 4 (1)
,-,"VS_ = 2123 V12 9319734173

s 5 2@ (3)
e = 2123 Vi2 9519534153

Here g° is the matrix element of the phonon creation amplitude with the phonon energy o,
V2 is the effective field which takes into account the effect of nuclear medium with respect
to an external field quO where ¢ is the local quasiparticle charge (for electric fields eq P =1,
eq =0) [6]. According to [7] the quantities g° and V should be calculated within the standard

TFFS [6], that is, in fact, in RPA. The single —particle indexes for spherical nuclei are A = {n,
j, 1, m} = {1}. The quantities A® and A® are given by

Aﬁ?g (w5, 05) = f Gy (8)Gz (e + w)G3 (e + wg)de =

_ 1-n)A —ny)nz —myny (1 —n3)
(31 — W) (&32 — wy) 4)

1 [(m-n)A-n)-(A-n)nny (1-n)d—nz)n, — (1 ~my)mng
€12 + w €13 + Wg E23 + W'

2 1
AD (0, 0,) = AR (~wy', —w,)

where for spherical nuclei the single-particle indexes vi = {n,Lj} =1,&;,=€1 - €2, 0= ;-
g, Ny are occupation numbers ( n; = 0,1 for magic nuclei).

The case of the static moment of an excited state corresponds to @ = 0. In particular, the
quadrupole moment of the excited state s is as follows:

0= /%’—’uslswusls) ©
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with the quantity V in the expressions (1), (2), (3)
V(l‘) = V(l') Y20 (6)

and I is the moment value of the excited state s considered.

The main difference between expressions (1), (2), (3) and the RPA case is that instead of
the external (or bare) field quO, which should be used in the RPA case, the effective field V
is present. As it was stated in [7], the first term on the right side in (4) corresponds to the RPA
case with V= quO. Note that this statement can be proved if one uses the property n; =n’;,
which is true for magic nuclei only. Thus, it is also of interest to find the QRPA case from the
appropriate generalization of the approach under consideration (see Sect.3). Of course, it goes
without saying that it is necessity to include pairing (non-magic nuclei) in the approach.

3. Non-magic nuclei

As known, for nuclei with pairing it is necessary to use four Green functions G, G*, F,
F® [6]

61 (6) = Gh(s) = u? N vi
S e—FE +i6 e+E —i6
, 1 . @)
1 — FZ = — 1
Fl(e) = F{(e) ZEI[E—E1+i5+8+E1—i5]

where E; = J (81— W+ A% and A, is the gap value, which should be found from the

solution of the gap equation, and to add the hp, pp and hh-channels in addition to the ph one
of the RPA case , i.c. to consider the full set of QRPA equations and four effective fields V,
vt d®, d? [6]. Because the pp and hh channels usually give small contributions as compared
with the ph and hp ones and create noticeable algebraic complications, here we omit the pp-
and hh-channels and, correspondingly, the effective fields d and d®). In this approximation
our matrix element Mg contains 8 graphs:

Mss' = Z Ms(;) = (8)

The analytical form for the Ms(sll) is given by
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@) _ S €3]
M = Z Vi2 951 933415 ®)
123
where

AL (w5, 0¢) = f Gy (£)Gy(e + w)G3(e + wy )de =

— u%u%vg v1 v2u3
(o + Eig)(wg + E3) (0, — Egz)(wy — Ez3)

1 ( wviud  udvivi ) N 1 ( viuivi  viudud )

+ —_—
w+Ep\Eyp —wy Ejztw;/ w—Ep\Ex+twy Ej3z—ow

(10)

For the first graph M, which contains the Green function F"’ and F*’, we obtain the
corresponding quantity A™ 21

(13;)3 (wg, ) = f Gy (e)F(e + w)F3(e + w,)de =

414, [ v5 u}
4B E, (ws + Ej3)(ws + Ez3) (ws‘ Ei3)(—wg +Ez3) (11)

N 1 ( v2 "uj ) N 1 ( v3 ué )]
w+Ep\ws +E3 —wg+E3/ w-—-Ejp\-wy—E3z w,—Eg

Eyvt(ey—) _

=1—p?
2E, 1

Here E;, = E; + E;, u? =

The other quantities A are obtained from the relations:

2 4
A (0, wy) = AR (~oe,—w,), A (wy we) = A (~wp, —w,),

(12)

6 5 8 7
(12)3 (w\“ Wy ) A(12)3 (_ws" _ws)l 52)3 (ww Wy ) Agz)g (—ws': ’_(US)

For the case w = 0 the quantity M-, like in the RPA case, contains the sum = A" of eight
terms.

At present there is the QRPA case for My which was studied in work [13]. To compare
our results with this case, in each of the A” we only take two terms which contain
denominators (E 3- m}(E2:-~w¢ ) and (E 3+ o )(E23+0¢ ) and call it Z[ A(1)]o. Using relatively
long algebra one can obtain:

. 1 !
o1 _
Z[Alzg]o - (ws +E13)(w5+E23)+(w5 _E13)(ws_E23)] x (13)

A4,
4E E,

A4
X [u%u%v—f» —vivdul + (Ui - vi) + ——

4E Eq

——— (uj — v3) +4E253 (uf — Vl)]
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The second square bracket in (13) coincides with the factor vi;ufud; in Refs. [13, 14] so
that our quantity (13) is proportional to the factor v, (Y2331 + @23¢931) in [13], which
determines the appropriate matrix element within the QRPA (3 and ¢ are phonon
amplitudes). Thus, the terms containing factors (w + Ei,) 7! in (10), (11), (12) are added in
our approach and, therefore, generalize the standard QRPA. The second generalization of the
QRPA is the appearance of the w dependent effective field V(w), with w = w; — w, instead
of the external field e, V°, which does not depend on w.

4. Some calculations for the magic nuclei

Here we consider the case of w = 0 for magic nuclei and calculate quadrupole moments of
excited states in Pb™", Then the quantities A" and A in (1), (2), (3), (4) depend on w; only

and the matrix element M., contains the sum [Agzé (wg) + A§23 (—wq)]

It is easy to see from (4) that for the case w = 0 there is an uncertainty at 1=2 in eq. (4) of
the kind 0/0. For this reason we should consider the case A1z separately:

(1) _ _n3—m (2) _  nz—nyg
Al = Gmao? M8 = Gty (14

We will consider the quantities V and g” in the following form
V@A) =V)in(6,9), g (F) = g(r)Y,,, (6, 9) (15)

that is for simplicity we neglect the spin components of these quantities, which is reasonable
for the electric fields considered.

After summation over quantum numbers m;, mp, m; in (1), (2), one can obtain the
following for the matrix element M, :

I, L 1 I LI
M, = (~1 IS+L( s ¢)Z{‘ ) _S}X
s=CD 1y mom, LGz J3

x (1IV12)3llg* 1121l g*13)[ 4B (w,) + AG (—w))]

(16)

Here index 1 stands for v; = {1} = {ny, l;, 1 }. the reduced matrix elements and the quantity
(A + A2y are given by

1lvii2) = V()] (1Y, ]12)

3llg°ilt) = [¢° ) G|v |1

(_1)j2+L+1/2 (17)
e (21, + DL+ 1)(21, + D2, + 1)(2), + D]? x

0 O 0){I Ja ]1}

(1Ivli2) =

2 2
1 1 n13€13 N23€23 2n3; (&5, + w§)
52)3( )+A(12)3( w)—(1’612)‘_'[ 773 2] 27, 7 (18)
€12 | el ~ w? €55 — w? (e5, — w?)
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where [V ()], and [g°(r)]5; are radial integrals.
For the beginning in our calculations we used the following approximations [15]:

V() = e V0, efpr = 2,0, =1 (19

and the Bohr-Mottelson model for g* (r):
‘() =2 r 2 20
g 2I,+1 or (20)

where U is the single-particle potential.

To calculate the quadrupole moment value we used formulas (5) and (6). Summation over
1,2,3 in (15) was performed within two shells above and two shells below the Fermi energy
both for 0plrotons and neutrons.

For *®Pb we obtained the following value of the quadrupole moment of the excited state
37 with the energy w, = 2.6 MeV and B = 0.12

Q:B1)=-012e-b

The experiment value Q,,, (37) = —0.34+ 15e- b [10}].

We do not think that the consistent use of the RPA approach to calculate V and g* instead
of our approximations (18), (19), (20) can improve considerably the numerical result
obtained. There are other physical reasons to improve it. The first is the use of the coordinate
representation within the Green function method which allow us to consider the single-
particle continuum exactly and omit the questions about the size of the summation limits in
our formulas. The second reason is an account for the effects of the so-called tadpole. These
effects were introduced and calculated for other problems in the works by the Kurchatov
institute group long ago, see [16]. However, they should give a contribution to the problems
which have been considered here.

To our knowledge, both of these two physical effects did not account for the problems
under consideration.

Conclusion

In this work, we have tried to outline modern feasibilities of the many-body nuclear theory
to calculate transitions between excited states and, as a specific case, moment values of the
excited state. It has been assumed that these excited states are described within the (Q)RPA.
In fact, this assumption has been done for the simplicity and based on theoretical results
available; it is possible to consider a more general approach, see for example [14,15].

For magic nuclei, more simple formulas (18) have been derived here than in the pioneering
work by Speth [7] and the case of the appearance of the uncertainty has been considered. For
non-magic nuclei, an appropriate generalization of the results [7] has been performed and
compared with the QRPA approach [13]. This generalization allowed us to directly
demonstrate a new physics due to the use of the modern many-body theory.

Our first and approximate calculation of the quadrupole moment of the 37-level in 2**Pb
gave a reasonable agreement with the experiment [10] which has relatively large errors. As
the approximations used are rather reasonable, we do not think that consistent use of the RPA
will give a noticeable change of our numerical result. Of course, these approximations are not
true for unstable nuclei which are studied very actively at present. For these nuclei, the self -
consistent approaches are necessary and, for example, the extended theory of finite Fermi
systems [17] gives some appropriate possibilities.

We think that the two above-mentioned physical effects (coordinate representation and
tadpole effects) are quite unknown, very interesting and probably important numerically for
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calculation of transitions between excited states and moments of exited states. These effects
should be considered first of all for these problems.

We are grateful to J. Speth ant B.A. Tulupov for enlightening and useful discussions.

The work was partly supported by the grants DFG 436RUS113/994/0-1 and RFBR 09-02-
91352.
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PRODUCTION OF THE SHORT-LIVED ISOTOPES 2N AND 2B
IN THE "N(y,2n), *N(y,2p), AND C(y,p) REACTIONS

L.Z.Dzhilavyan', A.IKarev?, V.D Laptev', V.G.Raevsky”
T stitute Jfor Nuclear Research, Russian Academy of Sciences, Moscow, Russia
? p.N.Lebedev Physical Institute, Russian Academy of Sciences, Moscow, Russia

1. The production and decay features of ’N-nuclei
Nuclei of the radioactive isotope 2N (B*-decay; the maximal kinetic energy of B-particles

Epmax = 17 MeV; the half-life T;, = 11.0 ms [1]) were for the first time detected and studied,

when they were produced in the reaction 2C(p,n)'*N [2]. Soon ®N-nuclei were also produced

[3] in the photonuclear reaction on N (isotopic abundance (IA): **N-99.63%, *N-0.37%):

y+*N—>""N+2n (an incident y-quantum energy E, at the threshold E, gyesh = 30.6 MeV [1]). (D

Decay of 2N-nuclei and ways of their production have (as it was partly noted in [2,3]) a
remarkable set of features (especially, when 'N-nuclei are produced at electron accelerators):

a. '2N-nuclei have a very short lifetime (according to [2], the shortest one of any known at
that moment B-emitter). When activation takes place at electron accelerators with kinetic
energies of outgoing electrons E. up to ~60 MeV, there are few reactions, which can
produced activities with T,/, close to Ty, for 2N [1] (see also about it below). This must
help to separate '*N-activity. Moreover, the small absolute value of Ty, for >N permits to
detect *N-activity from every beam “burst” of a pulsed accelerator (with duration (10
6:107%) s, for example) for very short time (for ~100 ms (or even less) between accelerator
pulses).

b. 'N-nuclei decay with emitting of B*-particles (i.c. positrons). So, it is possible for ’N-
decay detection to use “in coincidence—registration” of pairs of outgoing y'-quanta with
the energies Ey = 0.511 MeV each, flying out in opposite directions to each other and
produced in annihilation of irradiated substance’s electrons with stopped positrons,
emitted at 'N-decays. In such a way it is possible to suppress effectively background of
rather high levels and to measure even very small activities (see, for example, [4,5]).

¢. N-nuclei decay, emitting B*-particles with the very high Epmax (according to [2], which
is more than 3 times as high as those for any other known radioactive isotopes to that
moment). So, it may be reasonable to detect at registration of '’N-decay outgoing 7'-
quanta with rather high energies E, (from bremsstrahlung, produced by positrons, emitted
at '’N-decays).

d. "N are the neutron-deficient nuclei with A = 2(Z-1) (here A, Z and (A-Z) — numbers of
nucleons, protons and neutrons in a nucleus respectively), while, except for the cases of
'H and *He, we have for all stable nuclei (including light ones) A > 2Z. According to
[2,3], stability of N-nuclei against proton emission is almost at borderline. So, for
production of ?N it is necessary to choose reactions, which are able to provide values Z =
7 and (A—Z) = 5 with increasing of ratios Z/(A~Z) in comparison with those for mother-
nuclei. It seems, that rather big cross sections should be for reactions with small number
of nucleons (first of all, of neutrons, let us say, with 1 or 2 neutrons) at output of reactions.
Among such reactions with relatively big cross sections (including already mentioned
ones) there are: C(p,n); *B(*He,n); “*C(p,2n); "B(*He,2n); °B(c,2n) and “N(y,2n).
Thus, production of *N-activity practically may be connected only with concentrations of
arestricted set of light elements. .

e. As it was noted in the items “b.” and “c.”, **N-decays may be detected using registration
of outgoing decay y'-quanta, which have rather high penetrating ability. So, the maximal
thicknesses of irradiated objects are determined by penetrating abilities of incident
particles, which are low for cases of incident heavy charged particles, for example,
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mentioned above in the item “d.”. There is only one exception for the photonuclear
reaction (I), for which incident particles are also y-quanta. Thus, in the last case it is
possible to use ’N-activation for rather thick objects, and then the technique will be
connected with concentrations of nitrogen.

f. If an incident beam of y-quanta has small divergence (as, for example, for bremsstrahlung
from not-very thick radiators at Ec > E, e for the reaction (I)) and produces small its
“spot” on irradiated objects, we get the common method for localization of nitrogen
concentrations.

g If for detection of ?N-decays registration of (y'-y")-coincidences of annihilation photons
(see the item “b.” above) is used, we may apply this method also to find localization for
concentrations of interest together with the common method of the item “f” with
achieving better accuracy and additional suppressing of some possible background.

2. The first variant of connected with '”N detectors of hidden explosives

It seems to be quite reasonable that the author of the work [2] could propose (in agreement
with the items “a.”, “b.”, “e.”, “f.”, “g” above) the idea [6] (which, unfortunately, as far as it is
known, was not yet experimentally conﬁrmed) to use for the external not-destroying control
the photonuclear detector of hidden explosives (DHE) with “in coincidence—registration” of
pairs of annihilation y'-quanta with E; = 0.511 MeV each, emitted “back to back” and
connected with decays of N-nuclei, which under bombardment by bremsstrahlung beam
from a pulsed electron accelerator are produced in the reaction (I) on “N-nuclei, contained in
significant concentrations in widely used modern explosives. We call here the photonuclear
DHE, based on "“N-photoproduction and registration of their decays, according to the original
idea [6], as the first variant of connected with registration of '*N-activity DHE, and designate
it as DHE-1.

The proposition of DHE-1 in [6] was made for control of air-passengers’ baggage, but
there is also a big interest to the based on registration of *N-activity DHE for humanitarian
demining of territories and for the external not-destroying control of cargo containers.
Unfortunately, it seems that for the latter two cases the proposition [6] does not suit. In the
case of landmine searching there is no real possibility for registration of both annihilation y'-
quanta, emitted at angle 180° to each other. In the case of cargo containers there is much
higher absorption of outgoing y'-quanta, than that for baggage of air-passengers (see, for
example, in [7] estimations for these values of absorption), what makes the proposition [6] for
cargo containers, at least, very problematic.

3. The second variant of connected with >N detectors of hidden explosives

At the further development of a photonuclear DHE, connected with production of *N-
nuclei [7-23], which included also the moderately successful, but encouraging experiments
[8,19], the technique was modified so, that instead of “in coincidence—registration” of pairs of
annihilation y*-quanta there was suggested to register single y'-quanta, accompanying nuclear
decays of interest and, first of all, bremsstrahlung photons, produced by decay B-particles in
agreement with the items “a.”, “c.”, “e.” “f ” above. We call here the photonuclear DHE,
based on photoproduction of radloactlve *N-nuclei and on detection of their decays by
registration of single decay y'-quanta as the second variant of DHE of a type and designate it
as DHE-2. The purpose of this modification is to design the universal photonuclear DHE,
connected with "*N-activation, for all three directions of its application, pointed out above.
Such modification enables the transition to values of E, up to, at least, several MeV with
significant decreasing (without taking into account advantages from the coincidental
technique) of the corresponding in energy gamma-background level, with essential reduction
of absorption values for required y'-quanta in irradiated objects and with an opportunity to use
for y'-quanta registration such detectors able to "cut off" the big part of gamma-background at
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small energies as Cerenkov detectors. In this case for providing with useful signals there is
addition to the reaction (I) from the reaction (IT), which produces also on '*N-nuclei
radioactive nuclei ’B (B -decay; Eg max = 13 MeV; Tz = 20.4 ms [1]), having T, and values
of decay E, for registration, close to those for ”N-nuclei, and, hence, being able to give some
addition to a useful signal in such DHE:

P+HENSB2p (B tresh = 25.1 MeV [1)). 1))

As it was already noted partly above, at electron accelerators with E. < 55 MeV for
outgoing electrons (we choose this value because it is maximal for the pulsed race track
microtrone [15-17], which is now under construction in P.N.Lebedev Physical Institute
(Moscow), for, first of all, experimental studies of connected with >N detectors of hidden
explosives), there are few reactions, which may produce radioisotopes with values of Typ,
laying in approximate limits, let us say, from 7 ms to 30 ms, and with values of E;, for decay
y'-quanta, close enough to those for the cases of N and ’B. Except for the reactions (I) and
(Il) themselves and some reactions on nuclei "N and "N, giving small increasing of
sensitivity for DHE-1 and/or DHE-2, such radioactive nuclei may be produced in some
background nuclear reactions under bombardment by primary bremsstrahlung photons or by
secondary neutrons, produced before in photoneutron reactions, induced by primary
bremsstrahlung photons. Practically all reactions under bombardment by any other secondary
heavy particles are negligible ones (as it was underlined in [6], it is so even for cases, when
instead of secondary neutrons there are secondary protons).

Among radioactive nuclei-products of these background reactions may be (taking into
account isotopic abundances, values of reaction thresholds, and, to some extent, chemical
abundances and branching ratios for these reactions):
as the above-pointed nuclei-products >N and ?B, but produced on some other nuclei-targets
(not on nitrogen), and among these types of reactions there may be:
the photonuclear reactions, including the reactions (IV) and (V), pointed out in [6]:

Y+2C—>"Bip (IA: 2C-98.89%, PC-1.11%; E, theesn = 17.5 MeV [1]), (I

Y+HO"N+Hin (IA: 0-99.76%, "0-0.04%, "*0-0.20%:; E, mresn = 45.1 MeV [1]), (IV)

Y+ F=""N+a+3n (IA: PF-100%; E, tesh = 45.6 MeV [1]); V)
the reaction under thermal neutrons:

n+''B—>"B+y (1A: '’B-19.8%, ''B-80.2%; the released energy ~3.4 MeV [1]); (VD)
the reaction under fast neutrons (E,mesu — neutron Kinetic energies E, at the reaction
threshold):

N+ 2CB+p (Enthresh = 12.6 MeV [1]); (VID

as some other radioactive nuclei-products, and among these latter types of reactions there may
be the photonuclear reactions:

Y+°0->"B+3p (B -decay; E, mresh =432 MeV; Tipp = 17 ms [1]), (VI

Y+°0—-"04+3n (B*-decay; E, resn = 52.1 Ma3B; Ty, = 9 ms [1]). (IX)

At least, for DHE-2 there may be serious background in initial milliseconds after beam
pulse [8,19], connected with (n,y)-reactions, initiated by photoneutrons (after their slowing
down). On the other hand, there may be some background from reactions giving radioisotopes
with 0.1 s < Ty, < 1 s, in particular, from reactions with escape of three nucleons, especially,
the reactions:

y+2C-Lit3p (B-decay; E, resh = 46.8 MeV; Ty = 178 ms [1). X)

y+2C—°C+3n (B'-decay; E, tresh = 53.1 MeV; Tip = 126.5 ms [1]), (XD

4. The cross sections of the used reactions and some background reactions

To optimize the technique of DHE, one needs information on the cross sections, in
principle, of all reactions (I)+(XI). The cross sections of the reactions (II) and (VII) were
measured in [24-26] (Fig. 1) and [27] (Fig. 2), respectively. Data on the cross section of the
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reaction (VI) under thermal neutrons may be found, for example, in [28]. Unfortunately, we
did not find original experimental data on the cross sections of the reactions (1), (I), (IV), (V),
(VII=(XI).

The compiled data on the cross sections of the reactions (I)-=(IIT), (VIII), and (IX) were
reported in [9,11,14]. The latter of them is more complete as well; therefore, they are reported
here (Fig. 3). However, these data give rise to much criticism. First, their sources are not
indicated. Second, the data from these three studies are contradictory. Third, the cross
sections of the reaction (IIT) from [14] near their maximum are several times smaller than the
well-consistent corresponding cross sections from [24-26]. Fourth, the claims for the
»~dynamic range” and validity of behavior at relatively high E, with respect to the cross
section of the reaction (III), made in [14}], are, at least, surprising (compare if only with the
behavior of the cross section (IIT) from [24-26], measured in the range from the cross section
maximum to E, ~ 30 MeV). A possible reason for the latter fact is that not measured reaction
cross sections were reported in [14], but some predicted values (based, for example, on
statistical theory), whose exceptional use is doubtful, in particular, because of the presence of
direct nucleons in reaction products. So, we need, experimental data on the cross sections of
both useful reactions (I) and (1), and the background reactions (IV), (V), (VIII)+=(XI).
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In this technique, some background may be eliminated based on the fact that the thresholds
and characteristic E,-ranges in the cross sections of the reactions (I) and (II) are much lower
than those for the background reaction (IV), (V), (VIID)+(XI) and another reactions, leading to
additional background connected with escape of three nucleons and giving radioisotopes with
0.1 s < Ty, < 1 s. On the other hand, some background may be significantly reduced, because
the E, thresholds and characteristic ranges for the photonuclear reactions (I) and ¢II) are much
higher, than those for reactions from the giant resonance range (including the reaction (IIT)
and reactions giving the most of photoneutrons (see the cross sections of the latter ones, for
example, in [29])).

The small fraction of boron in typical tested objects permits to believe the background
from the reaction (VI) to be not very interfering for this technique. The background from the
reaction (VII) should be small because (i) the fraction of primary photoneutrons with E, >
E. mresh fOr this reaction is small and (ii) such neutrons with overwhelming probability first
undergo scattering; in few of these scattering events, their energy E, decreases to values
below En thresh-

As was shown in [16] on the base of analysis of data from [14], the reaction (VIII) is not
dangerous due to its small cross sections. We believe, that for background from the reactions
(IV,V) situation is the same. In principle, the reaction (IX) may give essential contribution,
especially at searching of land-mines, since soil may contain up to 50% of oxygen, but at E. <
55 MeV this contribution should be small. All background contributions from reactions,
giving long-lived isotopes (including the reactions (X,XT)) should be small too, and it seems
that their influence may be taken into account by usual procedures of background subtraction.

So, for DHE-2 the most serious background may be from the reaction (III), but, of course,
it is very desirable to check situation with all pointed out sources of background
experimentally.

5. The third variant of connected with '”N detectors of hidden explosives
Problem of “false signals” is one of the most important for all methods of explosive
detection. Its solving to a great extent determines method’s efficiency, productivity, and
practical importance. As it may be understood from paragraphs 2+4 in the discussed
photonuclear method (with DHE-1 or DHE-2) this problem is reduced to rejection of signals
from another substances, containing like explosives nitrogen (N) and/or carbon (C) (see, for
example, Table 1). At searching for land-mines, such substances may have vegetable origin
and, for example, be wood. At explosive searching in baggage, rejecting of “false signals™ is
very important because of possible presence of many things in baggage, which are not
explosives, but contain also N and/or C.
Table 1. “True” values kq for different substances

substance | chemical formula [ Kie
explosives
TNT CH,;CeH,(NO,); 0.71
PETN CsHgN,O2 0.82
hexogen N3(N02)3(CH2)3 0.92
octogen Ny(NO3)4.(CHj)y 0.92
“false” substances

wood -— 0.03
nitron {(CH,CHCN), 0.66
nylon (CO(CH,),CONH(CH;)sNH) , 0.33
capron (NH(CH,)sCO),, 0.49
soap-(Na) C 17H3 5COONa 0.00
Shampoo—(K) C] 5H3 |COOK 0.00
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In the work [11] for DHE-2 to pick out experimentally contributions of background,
connected with a presence of C and produced in the reaction (III), there were suggested
successive irradiations of tested objects by incident y-beams with two maximal values of E,:
E, max = Ec > E; resh for the reactions (I) and (II), and then with E, . lower, than this values,
but higher, than E, i for the reaction (IIT). At the first irradiation there will be obtained a
sum of signals from N and C, and in the second case — only from C. The similar suggestions
were also discussed in [20,21]. Although, in principle, suggestions of a sort seem to be
reasonable, but for their realization it is necessary to solve complicated task of operative and
precise changing of E. and keeping in a case a high accuracy control of a y-intensity.
Moreover, it is necessary to take into account changing of spectra for incident y- and outgoing
Y'-quanta in cover-substances, for which usually exact thicknesses and compositions are not
known.

Another method to find experimentally for DHE-2 contributions of background, connected
with the reaction (III), was suggested also in [11] and is based on differences of energy
spectra of y-quanta from B-decays of >N and '’B. For "*N-spectrum of y'-quanta the upper
edge is ~4 McV higher, than that for ?B. In [11] it is suggested to register secondary decay y-
quanta independently in three energy intervals: (AE, )1 = (0.4+0.6) MeV, (AE,), = (1.0:4.0)
MeV, and (AE,)3 ~ (4+17) MeV. In [11] it is stated, that in (AE,); main contribution is from
annihilation y'-quanta with energy =0.511 MeV from p'-decays of N: in (AEy); main
contribution is from decays of 2N and '’B; and in (AE,); — from B-decay of only N It is
supposed in [11], that ratios of counts, accumulated in these intervals must permit to subtract
relative background from C. The grave shortcomings of this method: in (AE,); there are also
essential contributions from bremsstrahlung y’-quanta from B-particles, emitted in decays as
12N, as '?B; since absorption of decay y'-quanta in cover-substances strongly depends on E,,
what may give rise to serious distortion of y'-spectra in a y'-detector in comparison with
original ones, and in particular, to relative suppression of contribution of annihilation y'-
quanta. It seems that altogether these shortcomings make access to high accuracy subtraction
of B-connected background difficult.

It is important to underling that really at separation of signals from '*N and from "B even
in ideal case we receive separation between respectively a part of signals from N (connected
with reaction (I)) and a sum of another part of signals from N (connected with the reaction
(I)) and signals from C (connected with the reaction (II)). So, by subtracting '*B-signals
from a total quantity of signals, we must receive the same information on N concentration as
in the case of DHE-1 (ignoring a difference in efficiencies of decay registration). Let us also
remind that both N and C are the basic elements of widely-used explosives (see, for example,
Table 1). At least, in principle, it is very desirable to consider signals from C not as
background, but as helpful ones in detecting and identification of explosives.

For disclosure and identification of hidden explosives we suggested the third variant of
connected with >N detectors of hidden explosives [30-32], which we designate here as DHE-
3, and which consists in registration and analysis of time-distributions of events from
photonuclear reactions (I+III). When a beam pulse of y-quanta with E, max > 31 MeV irradiates
tested containing N and/or C object, in it as result of the photonuclear reactions, there are
produced radioactive nuclei ;>N (in the reaction (I)) and/or '’B (in the reactions (ILIII)).
Relative concentrations of these radioisotopes are unequivocally connected to relative
concentrations of N and C in irradiated substances and define unique “portraits” of tested
substances. Forms of time-dependences of registered in a case events in y'-detector are
unequivocally determined by values of Ty, for *N- and B-isotopes and by ratios of their
initially produced quantities.
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In common case a total number N{t} of "’N- and "’B- nuclei, which leave un-decayed to a
moment t after an end of irradiation at t = 0, is:

N{t} =Ny (N-12) X CXp(—}\.(N_lz) x t)+ No (B-12) X exp(—?»(B.u) X t), (1)
where: N() (N-12)» }\'(N-IZ) = (ln 2) / (TI/Z)(N-IZ) and N() (B-12), 7\.(}3_12) = (ln 2) / (TI/Z)(B-IZ) — numbers
of produced to a moment t = 0 radioactive nuclei, the decay constants, and the half-lives for
2N and "B, respectively; Ny z = N{t= 0} = Ny n-12) + No 8-12).

Analyzing after an end of an irradiation pulse measured time-distributions for an outgoing
secondary y-radiation from decay of B and N, one may use this information to determine
initial relative concentration of the isotopes N and '”B and to identify tested substance.
Quantitatively, results of such analysis may be submitted by values of parameter k:

k=knay=1-kp), @
where: Koty = {Noqvi2) / Nosz}, ke-12) = {No@1z) / Noxz } (Just k gives produced relative
concentration of radioisotopes N and "B and determines unique “portrait” of irradiated
substance).

A measured at work of DHE-3 time-distribution of registered by a y'-detector events from
decays of the radioisotopes '*N and ’B is described by: _

n{t} = }\.(N_u)x No (N-12) X exp(—A.(N.u) x t) x At + 7\.(3_12) x Ny (B-12) XCXp(—?y(B_lz) x t) XAt, (3)
where At — a channel width for a measured time-distribution.

There is a common trouble for variants of photonuclear DHE, using registration of single
Y-quanta, i.c. DHE-2 and DHE-3. As it was already noted above, in several initial
milliseconds after an end of irradiation in a y'-detector, there is rather high background of y'-
quanta from reactions (n,y"), initiated by photoneutrons. This background may give rise to
serious distortions of measurements’ results. That is why there is a sense to use not all
measured data on distributions n{t}, but only those which are after delay of about several ms,
with refusing from direct measurements of Nys -values and respectively from direct
calculations of k. Instead of that, we suggest to determine values of k, proceeding, for
example, from two measured values n(t), corresponding to pair of moments of time t; and t;. In
this case, according to (3), we get system of two equations, which are linear ones with respect
to unknown values Ny aviz) ¥ No g-12):

n{t;} = An-12) X No v12) X €Xp(=Agv12) X ) X At + Ag-12) X No B-12) X €Xp(—Ag-12) X ) X At.
@)

By solving the system (4), we get values of Non-12), No@-12), and k = {No .12 / Nox}.
Repeating this procedure to all values of i and j = (i+1), we get a sequence of values of k;,
corresponding to every interval At of time-distribution under consideration.

To decrease statistical uncertainties at determination of k, connected with relatively small
numbers of counts, accumulated in channels of measured time-distributions, it may be useful
to turn from the differential form of describing of a decay process to the integral form. From
(1) in this case a difference between quantities of un-decayed nuclei to moments of time t; u t;
(t>t):

N{tl} - N{tz} =Ng (N-12) X [CXp(—)\,(N_lz) X tl) - CXp(—?»(N_u) X tz)] +

+No@-12) X [eXp(-A@-12) X t1) — eXp(-A@12) X )] =20, (5)
where ) n; — a sum of events, registered in channels, corresponding to an interval (t, — t;). If to
take two time intervals, then from equations (5) we get a system, analogous to (4), from
solving of which we get, taking into account (1) and (2), a value of k.

The suggested method of explosive identification, based on analysis of time-distributions
of y'-quanta, registered by their detector, may be considered practically useful, if only k-
“portraits” of explosives differ essentially from k-“portraits” of substances, which may give

{ af{ti} = An-12) X Nov-12) X €Xp(—Aq-12) X ti) X At + Ag-12) X No B-12) X €Xp(—Am-12) X ti) X At,
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“false signals”. In connection with it, we tried to answer to this question by means of
computer simulation of ’N- and '’B- radioisotopes production in objects of interest under
bombardment them by bremsstrahlung, generated by incident on radiator electrons with E, =
55 MeV. In spite of all pointed out above criticism with respect to information on the cross
sections of the reactions (I) and (II), as the first step in this simulation, we decided to use for
them data from [14] (sec also about it below). At small statistical relative uncertainties, there
were found values of Ny (-12), No 8-12), and N = and calculated values of k, which we call here
“true” ones and designate them as Ky, Some of found in such a way values of Ky, are
presented in Table 1. We may see that values of ki, for explosives differ essentially from
those for chemical compounds, which may be in baggage of air-passengers. Values of Ky, for
explosives differ also essentially from those for objects, which have vegetable origin, what is
very important at searching for land-mines.

We must to point out, that presented in Table 1 values of k. were calculated within rather
rough approximation, in which we not only used doubtful data on some cross sections, but
also did not take into account details of some processes, in particular, dependence of physical
efficiency of a y'-detector on E, and influence of absorption of y'-quanta in cover-substances
on E -spectra. At practical usage of this technique there is possibility to improve situation
considerably by means of special experimental calibrations on a real installation, at which
there may be obtained and written into a base of data values of k for substances of interest.

6. Work simulation for the third variant of connected with >N detectors of hidden explosives
The revealed in previous paragraph differences of values of k. do not mean that at work
of real DHE-3 accumulated quantities of counts in channels will be sufficient for calculating
of k with accuracy, ensured reliable identification of substances. That is why there was carried
out computer simulations of DHE-3 in conditions, imitating baggage inspection in airports at
the following main parameters of the installation: E. = 55 MeV; the electron beam current —

30 mA in the pulse with the duration — 6 us; the radiator — W with the thickness — 0.35 mm;

the surface area of the y'-detector — 1 m?; the distance from the tested object to the y'-detector

— 60 cm; the physical efficiency of the y'-detector — 100%.

It is supposed, that work of this installation consists of consecutive scanning irradiations of

a tested object by pulses of y-radiation and analysis of measured time-distributions of y'-

radiation after each such pulse for receiving express-information on presence of hidden

explosives. The following scenario of work was used:

I. The y'-detector of the installation is switched on with some delay after an end of an
accelerator beam pulse, and pulses from the y'-detector are accumulated in the
histogrammic memory of the time-digital converter. An obtained in such a way histogram
is written in the computer.

2. Obtained according to the item “l.” data are normalized and summed up across all
channels with receiving a number N*g . If in this case N*; is less than some threshold
N*s tresh, then it is supposed, that in an irradiated region there is no explosives.

3. A removed by the scanning device beam from the next accelerator pulse irradiates the
next region of the tested object and initiate new accumulation of data and calculation of
the new number N*x. If in this case N*s > N*x gest, then the described above procedure of
data processing for registered time-distributions is switched on, and the signals from the
previous irradiation are used as background ones.

The presented below results of work simulation for DHE-3 were obtained at the following
conditions:

e The connected with produced photoneutrons background signals have time-distribution,
described by sum of two exponents. For the first exponent ("T;,"); = 1.5 ms and the sum
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of obtained signals (Ng); = 700; for the second exponent — ("T;,"), = 5 ms and (Ng); =
800.

o The useful signals appear from 50 g of trotyl (TNT), covered with the water layer with the
thickness — 10 cm. For this registered signals Ny = 2100.

e Accumulation of y'-detector data beguines at 4 ms after a beam pulse and continues till 19
ms. The channel width for the time-digital converter — 1 ms.
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Fig. 4. Obtained by simulation distributions Fig. 5. Obtained from results of simulation
n{t}: and effect (i.e. with an explosive); 3—only ksm{t}: 1-TNT; 2—carbon; 3—background
effect

The simulated time-distributions are shown on Fig. 4 (the errors are statistical). 1 —
background (without explosives); 2 — background and effect (i.e. with an explosive); 3 — only
effect.

Usage of described processing of time-distributions permits to calculate values of kg for
every channel in the time interval (5+19) ms. The results of these calculations of kg, are
shown on Fig. 5, where 1 — for 50 g of TNT; 2 — for 50 g of carbon (C). The presented in
Table 2 average values of kg, in comparison with the obtained before values of K.
demonstrate with convincing effectiveness of the suggested method of substance
identification in the conditions, close to work at the restricted quantity of useful signals and
the relatively high levels of background.

Table 2. Simulation results of substance identification

substance Kie Kim (average) tg(a) (average)
TNT 0.72 0.696 + 0.062 0.004
carbon 0.0 —0.036 + 0.070 0.004
background signals — 2.962 + 0.062 —0.173

In addition, it is important to point out, that at analysis of signal time-distributions for y'-
detectors, there is one more characteristic, which helps to make identification of explosives.
On Fig. 5, except for already described the point groups 1 and 2, there is the group of points
3, corresponding to values of k;, only for the background signals. It is seen, that while for N-
and C-containing substances groups of points may be in good approximation presented by
straight lines, parallel to t-axis, for background signals tangents to the approximating curve
for the corresponding group of points form big angles o with t-axis. This difference is
illustrated by the average values of tg(a) for considered cases is presented in Table 2.
Therefore, if even because of some reasons at an object test a sum of registered signals
receives a sharp increase, but values of kg, are strongly dependent on t, then it means that in
the considered part of a tested object ?N- and ’B-nuclei were not produced and it is not
explosive.
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This method permits to construct new devices with parameters much better than those for
existing devices and open perspectives to make detection of explosives totally automatic with
separation them from false objects.

At the same described in this paragraph above conditions it was also shown using
computer simulation, that when such photonuclear detector of explosives is installed on the
moving platform [16,17], it is possible to detect explosives with weight 40 g in ground at
depth 20 cm and during 8 hours to test 0.01 km? of territory, what is approximately in 500
times more than what the commonly used at humanitarian demining manual method gives.

Usage of stationary installations of a type in the airports permits to get a high efficient
and fast acting detector of hidden explosives. For example, the inspection of a baggage unit in
airport takes less than 2 s and probability of explosive detecting in a case is much higher than
that for the used nowadays methods (different intrascopes, gas analyzers, trained animals, and
SO on).

Conclusions

The algorithm for substance identification, using measured time-distributions of *N- and
2B. activities, produced in photonuclear reactions and connected with relative concentrations
of nitrogen and carbon in irradiated substances, was considered. It was shown by computer
simulation that installations for disclosure and identification of hidden explosives based on
photonuclear method can surpass significantly used now for these purposes devices on
combined criterion sensitivity-ability for fast acting-trustworthiness. The method is under
successful development in LPI RAS.
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ISOVECTOR EXCITATIONS OF sd-SHELL NUCLEI IN THE PARTICLE-
CORE COUPLING VERSION OF SHELL MODEL
N.G. Goncharova
Skobelzyn Institute of Nuclear Physics, Moscow State University,

n.g goncharova(@gmail.com

1. Model input
The giant multipole resonances (MR) are the universal property of the nuclear response

to excitation. They represent the most striking feature of the reactions cross sections up to
energy excitation E<40 MeV and transferred momentum g< 2.5 Fm™.

The interpretation of MR complicated structure and its dependence on the individual
properties of nuclei is one of the aims of nuclear theory.

Theoretical description of the magnitudes, energy distributions and partial characteristics
of multipole resonances (MR) in the frame of muitiparticle shell model (MSM) was
developed for about 50 years, since first paper [1] on collective dipole states in nuclei. The
growth of information on structure of MR has shown that the MSM calculations based on
particle-hole configurations are unable to reproduce complicated structure of MR. The usual
way to overcome this problem is to expand the basic space and to take into account the
interaction of “doorway” states with more complicated configurations, first of all with
collective phonons. Applications of this method to the resonances in the middle and heavy
closed-shell nuclei were rather successful, but the interpretation of structure and decay
properties of MR in open shell nuclei, especially in the deformed ones, represents a challenge
to the theory. . Deformations of the target nuclei have very strong influence on the structure
of multipole resonances. The excitation of nuclei also leads to the rise of dynamical
deformations of nuclear systems which were near to spheres in the ground states. The
question is how to take these effects into account is still open. Moreover, due to pairing forces
in nuclei the “magic” nuclei are not bona fide completely closed-shell systems.

One of the possible ways to build a set of basic configurations which could be used as
doorway states in the microscopic description of multipole resonances in open shell nuclei is
to take into account the distribution of the “hole” configurations among the states of residual
(A-1) nuclei.

In the “Particle Core Coupling version of Shell Model =PCC SM” these distributions are
taken into account in microscopic description of multipole resonances [2, 3].

Wave functions of excited nuclear states in the PCC SM approach are expanded to a set
of low-lying states of (A-1) nuclei coupled with a nucleon in a free orbit :

7,7 )= X @I (T ETY x0T T
(J)J
The basic configurations for MR in nuclei under investigation should be built on
those states of residual (A-1) nuclei which have non vanishing coefficients of fractional
parentage C in the expanding of ground state wave function of target nucleus:
|7.5)=> CH|(J E'T") oy x (nf):J,, T )

(J).Jj
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Without violating the Pauli principle, PCC basis can be extended to include the
configurations  (J'E'T"),_; coupled to low-lying collective excitations of the target

nucleus.
Theoretical description of MR in 1p-shell nuclei in the PCC SM has shown good

agreement with experimental data for nuclei with A from 7 up to 15 [3]. The same approach
to sd-shell nuclei strike against the lack of reliable wave functions for nuclear ground states.
The alternative way to estimate the probabilities of the various core states which appears
when one of the nucleons would be extracted from nucleus is to use the experimental data on
the spectroscopy of direct pick-up reactions. This method was applied to calculations of
multipole resonances in sd-shell nuclei and some results of this approach would be discussed
in this paper.
The coefficients in the set (2) were estimated as

S.
Cl = ——J——',
2.S
where S; are the spectroscopic factors of pick-up reaction. The information on distributions of

these spectroscopic factors was extracted from review [4] and from [5].
The matrix elements of PCC Hamiltonian involve the excitation energies of the final

nuclei levels:
Hij =(E +8j+Ec)5ij+V;‘j5 (4)

The estimation of magnitudes of residual interaction matrix elements were based as well
on probabilities of pick-up reactions and corresponds to following scheme:

€)

Ji iz

J' T Jn ™

J.T.

The response functions for multipole excitation of nuclei were calculated as form
factors of inelastic electron scattering from target nucleus:

Jmax Jm‘x —~
F2(q)= ; F2 =(2J, +1)" §0j|(J, L2k

J max ~
R (g)= 3. (FL +F2) =@ +1) Sl 17
! 7

J,)lz;

)

b}

) 1 . _ .
Transverse multipole operators 7’ 7% and T, contain contributions from spin A and

orbital components B ofnucleon currents operators [6]:
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T.'] - AJ—I +AJ+1 +BJ’ ]-.'] - AJ +BJ+1 + BJ—I'

- . -1/ 5 . =1
4, €@, x5], B, ej@)[xV].
Matrix elements (m.e.) of operators in the space of (1,2) configurations could be

represented as sums of m.e. one-particle transitions multiplied on spectroscopic amplitudes
Z.

Z@ (U4 =JQT+DQT, +1)(2J, + 1) {T,M,TO|T,M;. ) x

(6

JIT,ji (T J'=Ji+j=J P T'-T,+1/2-T ) @)
DG N T WU i TN T 52T,
IT!
2. Giant Dipole Resonances in sd-shell nuclei
The calculations of E1 form factors were performed for sd shell nuclei in the frame of
particle-core coupling (PCC SM) version of shell model. Results for E1 resonances in 2Si,

32 and **Ca nuclei [7] have shown good agreement with experimental data.

N | —
N | =

Nuclei under discussion below have significant deformation 8 in the ground state

Nucleus

O-18

Ne-22

Mg-24

Mg-26

Al-27

B

0.355[12]

0.562[12]

0.605[12]

0.482[12]

=0.291[13]

All states of (A-1) nuclei which have non vanishing coefficients of fractional parentage
to ground state of A nucleus are included using experimental spectroscopic factors of direct
reactions [4,5]. The fixing of energies of final nuclei states is quite reliable, but the error in
experimental values of corresponding to these energies S factors are rather high — about

15+20%.

x I />-shell
144 ous I shel 5] Na-22 [__lasshel
-1 Clds-shell
124
10 1
2.0 4 [
0.8
064
0.4 - o4
0.2-
00 0 T
0 5 16 15 E MeV 0 5 10 Mev

Fig.1. Distribution of spectroscopy factors for pick-up reactions on '*0 and *Ne [4]
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Fig. 2. Distribution of E1 strength in PCCSM and experimental data [8]
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Fig.3. 2Ne F*(E1) at photopoint and experimental data [10]

PCCSM results for E1 resonances in *0O and ?Ne at photopoint are shown in the fig
2,3. The structure of isovector dipole states in there nuclei is influenced by distribution of S
factors (fig.1) and isospin splitting of T< and T states.

Among all sd-shell nuclei calculated in PCC SM **Mg has the largest deformation
displayed in low-lying states of rotational band. Calculations of El resonances in **Mg and
Mg isotopes in PCC SM successfully explain the main characteristics of these excited states
[11] and confirm the validity of used model to description of deformed nuclei.

The fragmentation of the E1 strength in ’Al results from three main factors:
the energy spread of spectroscopic factors over about 60 residual (A=26) nuclei states;

isospin splitting and the excitation of six E1 branches.

The results of calculations for E1 in 2’Al are presented in Fig.4 along with experimental
data [14]. The disintegration of Al in direct pick-up reactions leads to a number of excited
states in 2°Al and **Mg which are highly deformed. According to the analysis of rotational
bands in A=26 nuclei [15], all these states belongs to prolate systems with relations of the
lengths for long and short axis ~1.5.
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Fig.4. E1 form factors in 2’Al at photopoint and *’Al(y,n) from [14]

3. Magnetic quadrupole states in sd-shell nuclei
While the M1 modes in nuclear electroexcitation have been studied in details for a lot

of stable nuclei, much less is known about magnetic quadrupole (M2) resonances. Recently
the M2 resonances were investigated in the light and medium nuclei [16,17]. In the

excitation of magnetic M2 resonances main role belongs to spin-multipole operators A. For

M2 there are spin-dipole and spin-octupole parts, containing correspondently A e [Y1 x 5]2

and A, e[Y, x 5]2 terms. The first one dominates at approximately 0<q<1Fm™, the second
one at ¢>1Fm™. The strength of M2 mode has as well significant contribution from orbital
operator B € [Yz, X V]z m.e.

Orbital modes of M2 excitations were interpreted as nuclear “twist” mode [18]. In the
fig.5 are shown contributions of spin (A1+A3) and orbital (B2) terms into M2 form factors
for two 1hw transitions from sd-shell. The interference of orbital and spin parts of M2
operator could be destructive and reveals in disappearance of M2 form factors at some
transferred momentum q. Since the positions of these non- diffraction minima depend on

configurational structure of the M2 peak, the analysis of g-dependence for M2 states could
be used for establishing this structure.
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Fig.5. Contributions of spin and orbital currents into M2 form factors

The PCC SM calculations for M2 mode were performed for 329 and **Mg nuclei. On the
Fig.6 are shown the results of PCC SM calculations for M2 form factors in S at
momentum transfer ¢=0.6 Fm™ with comparison with results of S-DALINAC experiment [see
17], measured up to energy excitation E=14 MeV. The renormalized value of g-factor
£=0.7gree Was used. ’

2

6 -
Fop X10 5-32 16 ]F2 x10°
20 M2 ' e
PCCSM 12 xP-
10 8
’ s
01— [I II' I .II.I hl..Jl 1. 'II I 0 A l l L l | II
' 8.00 12.00 16.00 M€V 8.00 1200 M€V

Fig.6. Squared M2 form factors for *’S at g=0.6 Fm™

The g-dependences of main peaks for *’S(e.e’) reaction calculated on PCC SM are
similar to measured ones (e.g. fir.7)

2 & 0'7gfree

"1 Egy = 11.0Mev

200 Egyp= 10.8 MeV

1.00 =

0.00 ' 1 T T 1
000 020 040 D0BO 08 g fm-l
Fig.7. M2 form factors from PCCSM and from S-DALINAC experiment

91



4. Stretched states in sd-shell nuclei

The maximal spins in 1%i® nuclear excitations appear in so-called stretched states which
in sd-shell nuclei reveals as M6 resonances at transferred moments about 1.7+2 fim™. For
excitation of “stretched states” is responsible only the spin component of nucleon current:

25 € Js (qr)[Y5 XE]G. Their doorway states correspond solely to Ids,—1f;, transition.

The relatively simple structure of stretched states makes them a reliable test for theoretical
model approximations.

In the Fig.8 are shown the results of PCCSM calculation for M6 form factors in *°Ca at
¢=1.8 fm™ together with distribution of hole states in **Ca [19]. The fragmentation of 6 T=1
peak into cluster of 20 levels is a consequence of 1ds;, hole spread among a lot of 5/2" states
of **Ca. This distribution explains the fact that 6 T=1 states were not identified in *°Ca
(e,e”) reactions. However the presence of M6 in excitation of *’Ca was seen in (p,p’) and
(p,n) reactions on this nucleus as a broad maximum at about 14 MeV [20,21].

The energy distributions of M6 resonances in *’S are shown on the Fig. 9 near the
maximum of F?(M6) with the results of *’S(e,e’) experiment [22]. The spreading of the M6
strength over energies between 11 -16 MeV corresponds to experimental data but this
fragmentation based on direct reactions spectroscopy does not exhaust all factors that produce
the structure of multipole resonances.

3 . L_Ef/.'if.?-}-
Fx10 o
0.1, 40 Ca-40
Ca
2 172t 5124
ol o,,,'l,...L.Ll.l-
10 20 MeV 0 2 4 6 E, MeV

Fig. 8 Distributions of M6 strength in **Ca (PCC SM) and S factors of *°Ca(d,t)[19]
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S-32
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Fig.9. Distributions of M6 strength in *2S (PCC SM) and M6 form factors from [22]
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SUMMARY
The deviation of (A) nucleus from closed shells or subshells reveals in a wide range of

energy distribution for hole” among the (A-1) nuclei states. In the PCC version of SM these
distributions are taken into account in microscopic description of multipole resonances in sd-
shell nuclei using spectroscopy of pick-up reactions.

The structure of 1@ multipole resonances from E1 up to M6 could be realistically
reproduced in the PCC SM approach.

The energy spread of final nuclei states is one of the main origins of the MR
fragmentation in open shell nuclei. Comparison of PCC SM results with experimental data on
multipole resonances cross sections confirms the validity of this approach for a range of

momentum transfer from “photopoint” up to g=2 Fml.

The connection between direct and resonance reactions revealed in values and
distributions of spectroscopy factors for pick-up processes makes possible to obtain realistic
description of multipole resonances in nuclear cross sections.
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PARTICLE-HOLE OPTICAL MODEL FOR
GIANT-RESONANCE STRENGTH FUNCTIONS

M.H. Urin
National Research Nuclear Unwersity "MEPhI”
115409 Moscow, Russia

Abstract

An attempt is undertaken to formulate a particle-hole optical model for descrip-
tion of giant-resonance strength functions at arbitrary (but high enough) excitation
cnergics. The model is based on the Bethe—Goldstone equation for the particle-hole
Greeu function. This equation involves a specific energy-dependent. particle-hole in-
teraction that is due to virtual excitation of manyquasiparticle configurations. After
cnergy averaging. this interaction involves an imaginary part. The analogy between the
single-quasiparticle and particle-hole optical models is outlined.

1 Introduction

Damping of giant resonances (GRs) is a long-standing problem for theoretical studics. There
arc three main modes of GR relaxation: (i) particle-hole (p—h) strength distribution (Landau
darmping). which is a result of the shell structure of nuclei; (ii) coupling of (p—h)-type states
with the single-particle (s.p.) continuum, which leads to direct nucleon decay of GRs; and.
(iii) coupling of (p~h)-type states with manyquasiparticle configurations. which leads o the
spreading effect. An interplay of these relaxation modes takes place in the GR phenomenon.
A description of the giant-resonance strength funetion with exact allowance for the Landan
damping and s p. continnum can be obtained within the continnum-RPA (¢cRPA), provided
the unclear mean field and p-h interaction are fixed |1]. As for the spreading effect, it is de-
scribed withiu microscopic and pheaomenological approaches. The coupling of the (p-h)-type
states, which arc the doorway states (DWS) for the spreading effect, with a limited number
of 2p—2h configurations is cxplicitly taken into account within the microscopic approaches
(see, e.g., Refs. [2,3]). Some questions to the basic points of the approach could be brought
up:

(1) “Termalization” of the DWS. which form a given GR, i.e. the DWS coupling with
manyquasiparticle states (MQPS) (the latter are complicated superpositions of 2p—2h. 3p—3h,
... configurations) is not taken into account. As a result, each DWS may interact with others
via 2p—2h configurations. Due to complexity of MQPS one can reasonably expect that after
energy averaging the interaction of different DWS via MQPS would be close to zero (the
statistical assumptlion). (2) The usce of a limited basis of 2p-2h configurations docs not allow
to describe correctly the GR energy shift due to the spreading effect. The full basis of these
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configurations should be formally used for this purpose. (3) With the single exception of Ref.
[4], there are no studies of GR direct-decay properties within the microscopic approaches.

Within the so-called semimicroscopic approach, the spreading effect is phenomenologi-
cally taken into account directly in the cRPA equations in terms of the imaginary part of
an effective s.p. optical-model potential [5,6]. Within this approach, the afore-mentioned
statistical assumption is supposcd to be valid and uscd in formulation of the approach. The
GR cnergy shift duc to the spreading cffect is cvaluated by means of the proper dispersive
rclationship, and thercfore, the full basis of MQPS is formally taken into account [7]. The
approach is applied to description of direct-decay properties of various GRs (the references
are given in Ref. [6]). In accordance with the “pole” approximation used for description of
the spreading effect within the semimicroscopic approach, the latter is valid in the vicinity of
the GR energy. However, for an analysis of some phenomena it is necessary to describe the
low- and /or high-energy tails of various GRs. For instance, the asymmetry (relative to 90°)
of the (yn)-reaction differential cross section at the encrgy of the isovector giant quadrupole
resonance is determined, in particular, by the high-cnergy tail of the isovector giant dipole
resonance [8]. Another example is the isospin-sclfconsistent description of the IAR damping.
In particular, the IAR total width is determined by the low-energy tail of the charge-exchange
giant monopole resonance [9,10].

In the present work, we attempt to formulate the p—h optical model for a phenomenological
description of the spreading effect on GR strength functions at arbitrary (but high enough)
energies. In this attempt, our formulation is analogous to that of the s.p. optical model
[11,12]. The dispersive version of this model [11] is widely used for description of various
propertics of single-quasiparticle: excitations at relatively high encrgices (sce, c.g., Ref. [13]).
This model can be also used for description of direct particle decay of subbarier s.p. states
[14].

2 Single-particle and particle-hole Green functions

The starting point of the formulation of the s.p. optical model is the Fourier-component
of the Fermi-system s.p. Green function, G(x,x’;€), taken in the coordinate representation
(see, e.g., Refs. {11,12]). In analogy with this, we start formulation of the p—h optical model
from the Fourier-component of the Fermi-system p—h Green function, A(z,2'; z;, 7};w), also
taken in the coordinate representation. Being a kind of the Fermi-system two-particle Green
function (for definitions sce, c.g., Ref. [15]), A satisfics the following spectral expansion:

A(IL',.’IJI,'IL],.’IIII;OJ) _ Z <p;(37 .x)ps(ﬁhﬁh) _ p;(xb ml)ﬂs(f.ﬁj’)) ‘ (1)

w—ws + 10 w+ ws — 10

S

Here, w, = E, — E, is the excitation energy of an exact state |s) of the system and p,(x.2') =
(s|¥ " (2)¥(2')|0) is the transition matrix density (¥ (z) is the operator of particle creation
at the point x). In accordance with the expansion of Eq. (1) the p-h Green function
determines the strength function Sy (w) corresponding to an external (generally, nonlocal)

s.p. field V = [T+ (2)V (z, 2)¥(2')dads’ = [@W@];

Sy(w) = —%Im [Vt A(w)V], (2)
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where the brackets [. . .] mean the proper integrations.

The free s.p. and p—h Green functions, Go(z, 2’; €) and Ay(z, x'; z1, T1; w), respectively, are
determined by the mean field (via the s.p. wave functions) and the occupation numbers (only
nuclei without nucleon pairing are considered). Being determined by Eq. (1), the free transi-

tion matrix densities p§°) (x, «') are orthogonal: [p§°)* pg,))] = . As applied to transition den-

sities o0 (z = '), this statement is false. The RPA p-h Green function, Agpa(z, 2; 21, 7} ; w),
is determined also by a p-h (local) interaction F(x, 2’; x1, ) = F(x, x1)8(z — 2')d(xy — 2}),
which is responsible for long-range correlations leading to formation of GRs. In particular,
the Landau—-Migdal forces F(z,z;) — F(z)d(x — ;) are used in realizations of the semimi-
croscopic approach of Refs. [5,6]. The RPA p—h Green function satisfies the expansion, that
is similar to that of Eq. (1). In such a case, the RPA states |d) are the DWS for the spreading
effect. The local RPA p-h Green function A(z, z,;w) = A(z = 2'; z; = z};w) determined by
the p-h interaction F(z,z;) is used for cRPA-based description of the GR strength function
corresponding to a local external field V = [ U (2)V ()T (x)dz [1].

The s.p. and p-h Green functions satisfy, respectively, the Dyson and Bethe-Goldstone

integral equations:
G(e) = Go(€) + [Go(€)X(€) G(e)] (3)

Aw) = Arpa(w) + [Arpa(W)P(w)AW)] - (4)

The self-energy operator X(x, 2';€) and the polarization operator P(z, z'; x1, 2} ;w) describe
the coupling, correspondingly, of single-quasiparticle and (p—h)-type states with MQPS. Ana-
litical properties of G and ¥ are nearly the same. A similar statement can be made for A
and P. The quantities ¥.(g) and P(w) both exhibit a sharp energy dependence due to a high
density of poles corresponding to virtual excitation of MQPS. Concluding this Section, we
present the alternative equation for the p—h Green function:

Aw) = Ao(w) + [Ao(w) (F + P(w)) AW)] . ()

which follows from Eq. (4) and from the equation for Apps. The latter is similar to Eq. (4)
and containes the p—h interaction JF.

3 Transition to the optical models

Since t_he density of MQPS,; p,,., is large and described by statistical formulae, only the quan-
tities ¥(z,2';¢) and P(x, 2'; 71, 7 ;w) averaged over an interval J > p; ! can be reasonably
parameterized. As applied to X.(¢) = X (e + iJSgn(e — p)), it is done, e.g., in Refs. [11,12]:

S(z,2';€) = Sgn(e — p) {—iw(z;€) + p(z;€)} 6(z — ). (6)

Here, p is the chemical potential and w(z; €) is the imaginary part of a (local) optical-model
potential. Assuming that the radial dependencies of p and w are the same, i.e. w(z;e) —
w(r)w(e) and p(x;e) — w(r)p(e), the intensity of the real addition to the mean field, p(e),
has been expressed in terms of w(g) via the corresponding dispersive relationship [11]. It
is noteworthy, that the optical-model addition to the mean field can be taken to be local,

ie. ¥z, 2';e) ~ 6(z — 2'), in view of a large momentum transfer (of order of the Fermi
momentum) at the “decay” of single-quasiparticle states into MQPS. The energy averaged
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s.p. Green function G(z,2’;¢) satisfies to the Eq. (3), which involves in such a case the
quantity ¥ of Eq. (6). Actually, G is the Green function of the Schrdinger equation, which
involves the addition to the mean field considerated above.

The energy-averaged polarization operator can be parameterized similarly to Eq. (6):

Pz, 211,25 w) = {—iW(z, 2 w) + Pz, 2";w)} 8(z — 21)8(z’ — o). (7)

Assuming that the coordinate dependencies of the quantities P and W are the same, i.e.
W(x, 2';w) - W(z, 2" )W(w) and P(z,2';w) — W(z, ') P(w), we can express P(w) in terms
of W(w) via the corresponding dispersive relationship. The example of such a relationship
is given in Ref. [7]. In accordance with Egs. (4). (5), (7) the energy-averaged p—h Green
function satisfies to the equivalent equations:

Z(w) = Appa(w) + [.ARpA(w)f(w)](w)] ) (8)

A(w) = Ag(w) + [Ao(w) (F + P(w)) Z(w)] (9)

Formally, Eqgs. (7)—(9) are the basic equations of the p~h optical model. In particular. the
energy-averaged strength function is determined by Eq. (2) with substitution A(w) — A(w).

To realize the model in practice, a reasonable parametrization of Im?P should be done with
taking the statistical assumption into account. For this purpose, we consider the quantity
Appa within the discrete-RPA (dRPA) in the “pole” approximation. In accordance with
Eq. (1), we have

Appa(z, z'; 2. 27;0) — Zp(’;(:r’, 2)pa(z1, T (w — wg +90) . (10)
d

The statistical assumption [p;_ﬁpd/] ~ bO4p is fulfilled, provided that: (i) the intensity
W(z,z';w) is nearly constant within the nuclear volume, i.e. W(z,z';w) — W(w); and,
(ii) the dRPA transition matrix densities are orthogonal, i.c. [pipe] = é42. Under these
assumptions, the solution of Eq. (8) can be easily obtained in the pole approximation:
A(w) = Arpa(w — wy + iW(w) — P(w)). As a result, the energy-averaged strength functions
is the superimposition of the DWS resonances:

Sy (w) = —%Imz IV pu] [P @ wa+ iW(w) — Pw)) " (11)
d

The quantity 2W can be considered as the mean DWS spreading width (I‘},) which might
be larger than the mean energy interval between neighbouring DWS resonances.

A few points are noteworthy in conclusion of this Section. Formally, the p-h optical
model is valid at arbitrary (but high enough) excitation energy. The low limit is determined
by the possibility of using the statistical formulae to describe the MQPS density. Within
the semimicroscopic approach, the substitution like w — w + iIW(w) — P{w) is used in
the cRPA equations to take the spreading effect phenomenologically into account in the
“pole” approximation together with the statistical assumption [6,7]. Within the s.p. optical
model the statistical assumption for “decay” of different s.p. states with the same angular
momentum and parity into MQPS seems to be valid. At high excitation energies |e — p,
when the empirical value of w(e) is comparable with the energy interval between the afore-
mentioned s.p. states, the empirical radial dependence w(r) becomes nearly constant within
the nuclear volume (see, e.g., Refs. [13]).
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4 “Single-level” giant resonance

The p-h optical model can be simply realized in terms of the energy-averaged local p~h Green
function A(z,z:;w) to describe the strength function of a “single-level” GR, because in such
a casc there is no nced for the statistical assumption. Being more simple, the equations
like (4), (5), (7)—(9) arc actually the straight-forward cxtension of the corresponding cRPA
cquations. In practice, within the ¢cRIPA it is morc convenient to usc the cquation for the
effective field V(z,w), which corresponds to a local external field V(z) and is determined in
accordance with the relationship: [VA(w)] = [V(w)Ao(w)]. The effective field determines
the strength function:

B(w) = —%Im [VaAaw)V(w)] (12)
and satisfies to the equation:
V(w) =V + [(F + TI(w)) Ap(w)V(w)] - (13)
The cnergy-averaged local polarization operator is parameterized similarly to Eq. (7):
I(z, z1;w) = C {—=iW(z;w) + P(z;w)} 6(z — 7). (14)

Here, C = 300MeV fm? is the value often used in parametrization of the Landau-Migdal
forces; W and P are the dimensionless quantities, which can be parameterized as follows:
W(z;w) » W(r)W(w) and P(z;w) — W(r)P(w), where P(w) is determined by W(w) via
the corresponding dispersive relationship {7].

Duc to strong coupling with s.p. continuum the high-cnergy GRs (they arc mostly the
overtones of corresponding low-cnergy GRs) can be roughly considered as the “onc-level”
ones. Being the IAR overtone, the charge-exchange (in the 3~ -channel) giant monopole
resonance (GMR()) is related to these GRs. Within the isospin-selfconsistent description of
the IAR damping [9,10], the low-energy “tail” of the GMR(™) in the energy dependence of the

“Coulomb” strength function ?i‘g ) (w) determines the IAR total width I'4 via the nonlinear
equation:

s = 2185755 (W = wa). (15)
Here, Sq ~ (N — Z) is the IAR Fermi strength, w, is the IAR energy, and the “Coulomb”
strength function corresponds to the external fidd V(z) — V) = (Uo(r) —wa+ £T4) 70O,

where Ug(r) is the mean Coulomb field. Strength function T‘fg ) (w) exhibits a wide resonance
corresponding to the GMR(). In Fig. 1, we present the strength function calculated for the
208D parent nucleus within: (i) the cRPA (in such a casc the strength function 8§ (w = w )
dctermines the IAR total cscape width found without taking the isospin-forbidden spreading
effect into account [16]); (ii) the semimicroscopic approach [10] and, (iii) the p~h optical
model by Egs. (12)-(14). All the model parameters, parameterization of the imaginary part
of the effective s.p. optical-model potential I(r;w) [10] and parameterization of W (r;w) in
Eq. (14) are taken the same in both approaches. The intensities of 7(r;w) and W(r;w)
are chosen to reproduce in calculations the observable total width of the GMR{™) in 2™B;j
(=~ 15 McV). Both approaches lcad to the similar results, which are not exactly the same for
the low-cnergy “tail” of the GMR(™) at w ~ wy. Irrcgularitics in the cnergy dependence of
§,‘; )(w) calculated within the p-h optical model are explained by the fact that the GMR()
can be roughly considered as the “one-level” one.
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Fig 1. The “Coulomb” strength function calculated for the 2°°Pb parent nucleus within the cRPA
(thin line), the semimicroscopic approach (dash—dotted line), and p-h optical model (full line). The
arrow indicates the IAR energy. .

5 Summary and perspectives

In the present work, the particle-hole optical model for giant-resonance strength functions has
been formulated in terms of the energy-averaged nonlocal particle-hole Green function. The
equation for this Green function contains a specific energy-dependent particle-hole interac-
tion, which is due to virtual excitation of manyquasiparticle configurations. The intensity of
the imaginary part of this interaction should be taken nearly constant within nuclear volume
to satisfy to the statistical assumption on the independent spreading of different particle-hole-
type states that form a given giant resonance. The strength function of the “single-level”
giant resonance can be described in terms of the energy-averaged local particle-hole Green
function.

Along with numerical realizations, the particle-hole optical model can be extended to
describe direct particle decays of giant resonances. These points are under consideration.

The author thanks M.L. Gorelik for the calculation leading to the results presented in
Fig. 1, and V.S. Rykovanov for his kind help in preparing the manuscript.

This work is partially supported by RFBR under grant 09-02-00926-a.
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THE SEMIMICROSCOPIC DESCRIPTION OF THE SIMPLEST
PHOTONUCLEAR REACTIONS
WITH GIANT DIPOLE RESONANCE EXCITATION

B.A.Tulupov!, M.H.Urin?
Y Institute for Nuclear Research RAS, Moscow, Russia

2 National Research Nuclear University "MEPhI”, Moscow, Russia

The main goal of the presented talk is the further development of the semimicroscopic
approach for better description of the simplest photontuclear reactions in the energy region of
the giant dipole resonance (GDR). Various versions of the semimicroscopic approach based
ou the coutinuum randowm-phase approximation (cRPA) were inteusively used duriug last
years for the studies of these reactions (see, e.g., [1, 2]). Saying of the simplest photonuclear
reactions we mean, first of all, the total pliotoabsorption and the direct or inverse single-
particle reactions. Though during these studies the impo:tant results have been obtained, all
of them are characterized hy one essential shortcoming. It appeared that it is impossible to
obtain the proper position of the GDIR energy in the framework of cRPA in the form adopted
in the finite Fermi-system theory (FFST) using the residual Landau-Migdal partical-hole
interaction in the following form:

FP(x,v) = Co(r — ) [f(x) + ['(0)F-7'] (1)

where f(r) and f’(r) are the dimensionless parametcrs determining the intensities of the
isoscalar and isovector interactions, respectively.

The decision of this problem is prompted by the general principles of the FFST. In the first
edition of Migdal book [3] the following relations between the energy (way). the integrated
total photoabsorption cross section (g1, i) and paramecter f] determining the inteusity of
momentum-dependent forces have been obtained in a modcel way:

2 2
wiy = wa(l+ gf{) . Op1m = 0o(1+ §f1') ~ (2)

Here wy and oy are the GDIR energy and its integrated cross section, respectively, calculated
without account of momentum-depcudent forces. As follows from Eq.(2) these forces should
play an important role in the GDR formation and its properties.

The first study of the simplest photonuclear reactions in the GDR energy region with
the momentum-dependent forces account has been carried out in Ref. [4], where the rather
satisfactory description of the experimental photoabsorption and partial (n, v)-reaction cross
sections for some miclei has been obtained, in particularily, for 2Pb isotope. However. the
calculated energy behaviour of the total photoabsorption cross section for this nucleus is
characterized by the feature similar to the resonance peak splitting in the strongly deformed
nuclei. Besides, the approach used in Ref. [4] has the certain shortcomings. For instance,
introduction of the smearing parameter (the mean doorway-state spreading width)

I(w) = a(w — A)/[1 + (w— A)*/B?] (3)
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(its form is similar to that proposed in Ref. [5]) leads in calculations to the appearance of
the additional terms F(i/2)I(w)I(r) in the potential U(x) used for the calculations of the
cRPA certain ingredients (Green’s functions and continuum-state wave functions). As I(r)
is usually used the Woods-Saxon function fiys(r, R*,a). In the mentioned approach [4] the
cutoff radius R* was chosen as R* = 2R in the calculations of the Green’s functions and
R* = R in the calculations of the partial rcaction amplitudes. Such choice of I?* is not
quite justified and makes the used approach rather inconsistent. It is nceessary to notice
also that thc smcaring paramcter I(w) is an imaginary part of the polarization opcrator
(w) = —(i/2)I(w) + ReIl(w), which determines the relaxation of the particle-hole degree of
freedom. The quantity ReIl{w) which can be determined through /(w) with the help of the
certain dispersion relation [6] also gives a contribution ReII(w)I(r) to the potential U(z).

Therefore the account of the above made remarks has been chosen as the first step to
improve the approach of Ref. [4]. As it is well known in the FFST the effective fields V
satisfy to the following cquations (in symbolic form):

V=V,+FAV |, (4)

where Vj is the external field, A is the response function and F is the residual particle-hole
interaction. In the presented approach the isovector part of this interaction is chosen in the
form having the separable momentum-dependent part [7]:

g g — k’ 3 -~ -9 >
F(1,2) — (F'b("‘l —72) + —(plpz)) (172) . (5)
. mA
wherc F’ = f'-300McV fm3, k' is the dimensionless intensity of the momentum-dependent

separable forces, m is the nucleon mass and A is the number of nucleons. In the case of the
GDR excitation the external field Vy(z) is taken as following:

1
Vo(z) = —5rVi(Q)7 @
(’x’ means the set of space, spin and isospin variables). Assuming the operator equality

# = mdr/dt, in the cRPA from Eqgs. (4),(5) the following relations may be obtained after
separation of isobaric and spin-angular variables:

Vinw)=V(rw)+ Vi(r,w) , (6)
2'['1’ ' ' / J
Virw) =r+ = / LA(r, ™, w) + Ax(r, 7, ) V() 7
sz ’ ’ !
Vilr,w) = 14 k' — w2k [r A(r, v, w)r'drdr’ 'T./ rA(rr,wV(r,w)drdr (8)
7 sz 7 7 7 '
T ¥ T oy Y e e /A(r,r,w)rdr /rA('r,r,w)d'r . (9

Here k = ggy’%k’ . The small correction to the cquality p = mdr/dt caused by the spin-orbit
part of the nuclcar mean ficld can be neglected [7]. All w-dependent single -particle quantitics
in Egs. (6)-(9) are determined by the potential, including the above mentioned additional
terms.
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Using Egs. (6)-(9) it is possible to find the dipole strength function
1 ’ X7 (. ’
S(w) = - Im/r.A(r,r ,wWV(r' w)drdr' | (10)

where w is a photon energy and, hence, the total photoabsorption cross section in the energy
region of the GDR:
8 3 .2
o(w) = —;—r—;—c- wS(w) (11)

Unfortunately the results for photoabsorption cross section in 2°8Pb isotope obtained in
this version of the presented approach happened to be practically similar to those obtained
in Ref. [4] (Fig- 1).

o (E1), mb 208pp,
600 -
400 -

200

4 8 12 18 20 24
o, MeV

Fig 1. The total photoabsorption cross scction in 2°Pb calculated in the first version of the
presented approach (solid line) in comparison with corresponding results of Ref.[4] (dotted line) and
the available experimental data [8].

Duc to that an attcmpt has been made to reconsider onc of the principal foundation of
the approach: to change the potential used for the calculations of all cRPA ingredicents. This
procedure has been carried out in Ref. [9] on the base of ncw phenomenological potential
proposed in Ref. [10]. In this potential the mean field U(z) consists of pure nuclear parts,
containing the isoscalar and isovector spin-orbit interaction, Coulomb field, the symmetry
energy and is written in the following form:

U(z) = Up(r) + (USC(r) + %Ufo(r)'r(:”)f;+ —;-v(r)'r(s) + —;—(1 — N Ue(r) (12)

The space dependences of central field U(r) and spin-orbit interactions U/5° and U/$C are
determined by the Woods-Saxon function fiys(r, R*, a) and its derivative dfws(r)/dr, respec-
tively. As to the symmetry potential v(r) and Coulomb ficld Ug(r), they arc calculated in a
sclf-consistent way. The choice of all paramecters determining cvery part of the potential U(x)
is made by means of the minimization of the differences between calculated position of the
energy levels and the experimental ones (for the details of the total procedure and obtained
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valucs of potential paramcters sce Ref. [9]). It is worthwhile to notice that obtained valuc of
the isovector constant f'is cqual to 1.09 in contrast to the previously used value 1.0 (sce,e.g.,
Ref. [4]).

The approach developed on the base of this new potential includes only two parameters
which should be treated as the adjustable ones: the intensity of the momentum-dependent
forces k' and the intensity of the smearing parameter o (the values of A and B are taken
to be the same as in Ref. [4]). To determine them the experimental data on the photoab-
sorption cross section for 2°Pb isotope [8] has been chosen as the most authentic ones. The
corresponding calculations of the o{w) has been carried out on the base of Egs. (6)-(11) using
the newly defined potential. The comparison of the obtained results with the experimental
data in Fig. 2 allows to define the values of « and k: o = 0.1MeV™!, k' = 0.4

o (E1), mb

ZOBPb

600 —

400 +

200 -

1
T

w, MeV
Fig 2. The calculated total photoabsorption cross section for 28Pb (solid line) in comparison
with availablc experimental data [g].

To check the possibilities of the presented approach the available partial (n,~) reaction
cross sections for 2”*Pb isotope have been also investigated in the energy region of the GDR.
The reaction amplitude which has been calculated on the base of Egs. (6)-(9) has the following

form:
M(w) =< IVll () > [ X0V (rwhxutrar (13)

where ¢ = {e(X), p} is the set of the reaction-channcl quantum numbers, p = {e,, (1)} is
the set of quantum numbers for single-particle state, x,(r) is the radial wave function of the
populated bound state with energy €, and )(h(?)( ) is the corresponding to this channel and
normalized to the d—function of cnergy the scattering radial wave function of incident nuclcon
with cnergy € = w + €, (for other notations scc, c.g. [4]). The bound state wave function is
calculated with new potential (12) while the scattering wave function - with potential (12)
and additional terms connected with I(w)I(r) and II(w)I(r) (see above). The cross sections

of these reactions can be then presented in the following form:

do.(£.0) 8 4¢* w?
— =7 w -
Q3 he ™ 2mc?e

ZAL(E 1) Pr(cost) (14)
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Ar(e,p) = Y @7 (=11 = 1 LO)W (G5'1L; L) < IY2l[(X) > Me(w) M (w)
M)
Here, Pr(cos0) are the Legendre polynomials, (1—111|L0) and W (55'11; Lj,,) are the Clebsch-
Gordan coefficient and Racah coefficient, respectively.
The relults of these cross section calculations are shown in Figs. 3,4 in comparison with
the available experimental data [11] and some results from Ref. [4]. As it is seen from
Figs. 3,4 the presented approach based on the use of new potential [9] allows us to describe

ZOBPb(n,'yi )

47ds(90°)/dQ, ub/sr

300 . +
600 * 1115/2 3d5/2
200 400 +
100 200 R \
o
o r -~ . v - . ; r : v -
4 13 8 10 12 14 16 4 8 8 10 12 14 16
BOO 800
299/2
500 son ‘< |
400 | 400 t
200
200
o ]
- o —— —
4 8 B 10 1z 14 16 4 6 B 10 12 14 16
E _, MeV

Fig 3. The calculated on the base of the presented approach the partial (1,7) reaction
cross sections at 900 to somce single-particle states in 2°°Pb in comparison with the available
experimental data [11].

satisfactorily the studied photonuclear reactions: (i) the splitting of the GDR. peak in 2Pb
is absent; (ii) the obtained cross scctions of partial (n, ) rcactions appreciably better agree
with the available experimental data than thosc from Ref. [4]. The cnergy-averaged (duc
to the use of the smearing parameter I(w)) differential cross sections for neutron radiative
capture, do,, /dS), are calculated without use of any adjustable parameters. Each calculation
of the cross section is carried out with account of the experimental spectroscopic factor
value, S, of the final product-nucleus single-particle state populated after the capture. The
corresponding experimental data are taken from Ref. [12].

As a conclusion one could say the following. In the presented approach a reasonable
description of the cxperimental data on the total photoabsorption cross section and the
partial (n,7) rcactions for 228Pb isotope is obtained. In the futurc it is planned to expand
the such investigations on the other medium-heavy mass nuclei having the similar structure.
Besides, it is supposed to carry out these studies on the base of the potential [9] using the
new set of parameters. Finally, it is planned to perform in a framework of the presented
approach some predictive investigations, for instance, of (y,n) reactions where there are
some appropriate experimental data.
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Fig 4. The calculated partial cross sections at 90° for neutron radiative capture (solid lines) to
somc single-particlc statcs in Z°°Pb in comparison with the corresponding results of Ref. [4] (dotted
lines) and the available experimental data [11].

This work was supported in part by the Russian Foundation for Basic Research (project
no. 09-02-00926-a).
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FOLDING POTENTIALS IN *He+p AND ®Li+n CHANNELS WITH A=6
CLUSTERS IN GROUND AND EXCITED STATES

Afanasyeva N.V.
al-Farabi Kazakh National University, Almaty, The Republic of Kazakhstan

Nowadays there are a number of experimental data on the photodisintegration of ' Li:
"Li(y,p)’He [1,2], "Li(y,n)°Li [3-7] and ®He(p,y)'Li radiative capture reaction with the
formation of "Li in the ground and first excited states [8]. It is significant, that the (y,p) and

(v,n) processes have a general feature: the formation of the residual nuclei *He and °Li

respectively in the ground state absolutely dominates only in the near-threshold energy region
of gamma quantumy . As the excitation energy is increasing, in the theoretical calculations of

the characteristics for these reactions it is necessary to take into account the channels where
%He,,, and °Li,,, nuclei are in the excited states, because all available experimental data are

inclusive.
Thereupon the question might come to mind about the correct description of

He_. +p and ®Li_+n scattering channels. As the using of direct experimental data on the
scattering in these channels are not available, it is actual to construct the corresponding
interaction potentials by using the folding-model, basing on the realistic microscopic nucleon-
nucleon and nucleon-cluster potentials with nuclear density functions.

The interaction potentials between the nucleons and nuclei with mass number A=6 are
obtained in the general form on the basis of the self-consistent folding model. Also the

folding-potentials are obtained for several particular cases: °He_ +p and °Li__+n. The
self-consistency is provided by the carrying out of the folding for V, and V,, potentials,

which have been used for the construction of the three-body oNN wave functions of above
nucleus built within the multicluster dynamical model with Pauli-projection (MDMP) [9].
In Figurel the relative coordinates for {aNN}+N systems are presented.

AN

Fig. 1. Relative coordinates for {oNN}+N systems. (T-axis set and V-axis set).

For the description of SLi and ®He nucleus being in the states with total angular
momentum j and its projection m; we use the wave MDMP functions obtained in [9], i-c.

oNN -presentation:
¥, (F.8)= . (Apdm|LM)(LMSM| jm;) 2oy, (2.3) 9, (. 5) ©)
Apim

IM SM
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The interaction potential is calculated as the average value by the wave function
¥ . {%,p) of the sum of partial aN- and NN-potentials:

b =Y () i () 9 () @

In other words the folding-potential is calculated as the overlap integral:
' o1 o1
Viy =< Jmy3 =y IVIJm,-;EmN > 3)

Then, we introduce the spin channel S, quantity. Thus, the folding-potential is given by the
following expression:

Z (./m mN lS m, ) VscmL > (4)
S hi,
1 1
where Vs, =< ]E:Scmc |v] ]—2—:Scmc >. 5

Then the potential given by expression (5) is factorized on the spin and coordinate (radial)
parts. ,
As a result of the complete theoretical calculations the averaged folding-potential is
given by the next general formula:

1
V, =————
AN 2(2j+1)§

(28, +1) Vem (6)

The folding-potential for the specified values of spin in (’Heexc(2+,1)+p channel has
the form;

He+p Z (2s +1) 171 ='2_I7 +§f/; > Ec.:]+—;-:> 5,=3/2,5/2 (1)

and the folding-potential for the specified values of spin in 6Liexc (3",0y+n channel has the

following form:

(2s, +1) = 3_ 4.
2ridn s =512, 102 8
g Z2 2jn s 75ty 1o % ®)

SRRV

It 1s important to note that the analytical presentation of folding-potentials is obtained by.
using the Gaussian parameterization of the partial potentials v, (%,):

5 ~s
Uy (B4) = zAle ek ®
1
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The visual presentation of the folding-potentials for ®Li_ (3",00+n and ®He, (2",1)}+p
channels is shown in Fig. 2.

% -20 +
=
b~ -30 |
&, - +
-40 | — L3 D)
7, — —"He_ (2" D)+p
50 p~~

r.fm
Figure 2. Folding-potentials for Li__(3",0)+n and ®He_,(2",1)+p channels.

The view of calculated folding potentials resembles the Woods-Saxon potential of the
form V. =-V, /{l+exp[(r — R ))/a]}, but actually it is not possible to reduce the folding-

potentials to the exact Woods-Saxon.

Further optimization of obtained folding-potentials assumes the probing their in
calculations of various characteristics of nuclear reactions.

In addition on basis of obtained folding-potentials we can research the dynamic
clusterization of nuclei.
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SUPERCONDUCTING RF ELECTRON RECIRCULATOR FOR NUCLEAR
AND PARTICLE PHYSICS RESEARCH AS UPGRADE OF THE ACCELERATOR
COMPLEX OF LEBEDEV PHYSICAL INSTITUTE IN TROITSK
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!Lebedev Physical Institute, Moscow; “Institute for Nuclear Research, Moscow; *Skobeltsin
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A project of a CW electron accelerator with superconducting RF cavities and recirculation
loops is described as a possible upgrade of the Lebedev Physical Institute accelerator
complex in Troitsk. An energy recovery system has to reduce a radiation background and to
save the RF power. Steps of project realization are discussed.

Introduction

The electron synchrotron S25R [1] (also known as the synchrotron “Pakhra” named after a
nearby river) in the town of Troitsk, with the maximum energy 1.3 GeV is the last in the series of
synchrotrons build at the P.N. Lebedev Physical Institute since the resonance acceleration principle
was discovered by V.I. Veksler in 1944. With the previous accelerators S3, S25, S60 of that series
build in 1946-1959, many fundamental studies of phase focusing, meson physics, electromagnetic
interactions of nuclei and elementary particles, synchrotron radiation, etc., have been made. S25R
is under operation since the mid of 1970s and it also allowed to do a few remarkable experiments
such as studying pion polarizabilities and n-mesic nuclei. Some further experiments on
photonuclear and solid-state physics are running or planning there, so that this machine will be yet
maintained for some time [2]. In parallel we study a possibility to build a completely new
accelerator in the existing environment (i.e. accelerator and experimental halls, power supply., etc.)
[3,4] in order to continue exploration of electromagnetic properties of particles and nucle,
properties of hadrons in the nuclear matter, to test new ideas such as the tagged meson method, and
last not least to provide means to create a powerful light source for numerous applications. Aims for
such a machine are outlined in more detail in our accompanying contribiition to the Conference.

The subject of the present paper is a possible layout of the new accelerator. The accelerator
schema based on a generalized microtron principle is described and the main accelerator parameters
are given. The extraction schema to deliver electron beams to experimental areas is suggested.
Beam energy recovery is also discussed.

Accelerator schema

The best solution for nuclear physics research

1s a cw beam with deep energy changing. Modern

_ accelerator technologies suggest power tools for
Td such an accelerator. To date, superconducting rf
cavities operate with the high accelerating gradient
up to 30 MV/m and more [5], thus making it
possible to build up a compact machine using a
beam recirculation schema. Many projects of
electron recirculators have been suggested in the
world based on superconducting rf cavities and
various magnet systems. Presently we focuse our
attention on a generalized microtron schema
(polytron principle) [6] for several reasons,
compactness being the most important one. In general, the polytron consists of N rf accelerating

Fig.1: Electron trajectories in a polytron.
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structures and N pairs of dipole magnets arranged in a polygon, in which electrons are transferred
from a previous linac to the next one by an achromatic dipole pair as shown in Fig. 1. In order to
accelerate electrons from different orbits, the synchronism condition has to be satisfied,
AE(MeV)=l.SB(T)gA———i_———, (n
6—sinf

that, like in a classical microtron, simply means the orbit lengthening in the magnet pair by an
integer number g of accelerating wave length A after each turn. Here 6§ =22/N, where N is polytron

order. The next formulae also take place:
AR=gi— 1 g_8Al-cosd 2

2(6—sin0) 2 6-sinf
where d is orbit spacing in dispersive part of electron orbits and AR is a radius increase in the dipole
magnet after every new passage.

The fourth-order polytron is the most optimal solution for square geometry of the existing
accelerator hall of 25x25m” The corresponding accelerator layout is shown in Fig. 2, while the

i
®

Experimental hall #1

8
e
1
Fig. 2: Accelerator schema with the beam recovery
system.
1 — dipole magnet, 2 — injector, 3 ~ superconduct-
ing linacs, 4 - accelerator orbits, 5 — magnetic lens,
6 —targets, 7 — magnets of the achromatic system, 8
— energy and spectrum correction accelerator, 9 —
recovery beam absorber.
LILIIL IV stand for the quadrant number.

3 Total energy 2050 MeV
1 Energy increase per turn 600 MeV
| Energy increase in one linac 150 Mev
I Injection energy 100 MeV
. ! Experimental hall #2 Number of turns 3
Magnetic field in dipoles 136 T
| 6 + Dipole pole dimensions 04mx3.6m
I 7 Minimum/maximum radius of |[0.6m/4.7m
the electron trajectory
7 7 Linac frequency 1.3 GHz
S ~ P Vg
~ s

Table 1: The main accelerator parameters.

main parameters of the machine are collected in the Table 1.
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Bunched electrons from the injector 2 directed onto the axis of the first linear accelerator (linac)
3 are transferred after acceleration by a dipole magnet pair to the entrance of the next linac, the
rotation angle being 90°. After three full loops and the fourth passage of the first-period linac the
electron beam is extracted from the accelerator due to a shorter pole of the second magnet of the
first quadrant. In the case the magnet at the extracted beam path (the distributing magnet) is off,
electrons are directed from an achromatic translation magnet pair to a target in the experimental hall
#2. In the case the distributing magnet is on, the appropriate achromatic translation system directs
the electron beam to the experimental hall #1.

Accelerating structure
We consider using TESLA or similar

type cavity [7,8] that had been developed Table 2: Main parameters of the SRF cavity.

in the frame of the project TTF (TESLA | Resonance frequency 1300 MHz
Test Facility). This R&D project at DESY | Number of cells 9
in the end of the 20" century that was | Shunt impedance R/Q= Vie"/Pss X O 1kO
aimed to prove a possibility of a linear | Quality factor O at bath temperature 2.0K | > 5x 10°
electron-positron  collider ~ with  high | Accelerating gradient (MV/m) >25
gradient  superconducting linacs had |11is diameter d 70 mm
finished with very promising results in the |duator diameter [) 206.6 mm
Active length 7, 1.038 m

field of SRF (superconducting radio .
frequency). An industrially produced multi-cell cavity had been developed with the average
accelerating gradient as high as 25 MV/m and more. The high purity niobium with RRR of the
order of 300 and usual chemical polishing followed by high pressure water rinsing was used. To
date, a modern technology of cavity surface preparation with electro-chemical polishing results in
the accelerating gradient as high as 30 MV/m and more. The main cavity parameters are given in
Table 2.
Energy recovery system and beam optics

In most cases, only a small portion of the electron beam energy is absorbed in the target material
in nuclear physics experiments, especially in the case of measurements with a polarized target. The
used beam is directed into a beam absorber where it looses its energy via producing an
electromagnetic shower in the absorber material. We suppose to use a beam energy recovery system
in order to save the rf power and to reduce the radiation background.

The recovery system as well the recovery process looks as follows. After interaction with the
target, the electron beam is picked up by an achromatic magnet system consisting of three magnets
7 (see Fig. 2) and directed into the linac 8 that serves for correcting the beam energy and spectrum
[4]. Then, with a dipole magnet quite similar to those used in the recirculator, the used beam is
directed to the second dipole magnet of the accelerator itself in the quadrant II or III (depending on
the experimental hall where the beam was used for the experiment) and then it enters the first
decelerating linac. The energy of the used beam is adjusted in a way that forces the beam to pass
over the same orbits as during its acceleration, or between them with equal intervals from them.
After the decelerated beam reaches the energy equal to the injection energy, it is absorbed in an
absorber.

Table 3. Evolution of the beam energy during acceleration and deceleration. £, - the electron
energy during the acceleration stage; E; and Eg — the same during deceleration from the hall #1
and #2, respectively; E; —the injection energy (MeV).

Quadrant# 1 1 JAl1 v

Passage# 11213114 1 2 13| 4 1 2 131 4 1 2 131 4
E, - E, 150] 750 {1350[1950| 300 {900 {1500{ — | 450 {1050}1650| — | 600 [1200|1800] —
E;-FE; 1350750150 — | 1800 [1200] 600 | Oabs | 1650 {1050/ 450 | — | 1500 {900 {300 | —
E;—E,  11650[1050/450 | — | 15001900[300| — | 1950 {1350] 750 | 150 | 1800 |1200| 600 |0 abs
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Thus, in the discussed schema the maximum possible recovery efficiency is equal to (Emax —
Ein)/ Emax or 0.95 for the accelerator parameters given in Table 1. The beam energy evolution during
acceleration and deceleration (recovery process) is shown in some detail in Table 3.

Conclusion

The presented paper is a further development of the conceptual design of the cw electron
accelerator for nuclear physics research at Lebedev Physical Institute [3]. A significant progress in
the field of superconducting rf during the last two decades makes it possible to build such an
accelerator in the existing environment that includes buildings, power supply, cooling systems and
so on. Unfortunately, the appropriate new superconducting rf cavity technology is not yet available
in Russia, and the fastest way of its formation here is seen in moving this technique from Europe. A
step by step policy is foreseen. We could start with a rf superconducting stand that includes a
helium cryostat for a vertical cavity test and an appropriate environment — a clean room, a chemical
room, a gas helium collection system, etc. An electron accelerator of the energy 20-30 MeV with a
single multi cell cavity might be the second step. This machine would help us to acquire appropriate
experience and even start some scientific applications including accelerator and nuclear physics as
well as radiophysicsl. A full scale injector with the following recirculation loops and a recovery
system would allow to do elementary particle physics in the energy range up to several hundreds
MeV. All these steps are compatible with the existing synchrotron S25R. The synchrotron will be
dismantled at the last step of the full scale project under discussion.

Nowadays, the recovery technique is widely discussed in the world in connection with a new
generation of light sources ultra high intensity and brightness in the Roentgen range [9]. Two or
three orders of magnitude of the electron beam intensity compared to that needed for nuclear
physics applications are required for proceeding this technology. The schema under discussion
allows us to go in that direction too. -
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1. INTRODUCTION

The nontrivial substructure of a nucleon in nuclei manifests itself in the existence of the
internally excited states, i.c. baryon resonances or isobars (see [1, 2]). One possibility to
describe these subnucleonic effects in modern nuclear models is the addition of exotic
components, the so-called isobar configurations to the conventional nuclear wave functions.
The exchange of the m and p mesons may result in virtual NA and AA states. In 1971, S.
Gerasimov suggested using the process of isobar knocking-out by high-energy particles for
studying the isobaric degrees of freedom in nuclei [3]. Theoretical estimates [4, 5] and the
results of a few experiments on setting off the mechanism of direct isobar knocking-out [6 - 8]
gave a value of 0.5—4% for the contribution of A-isobaric states to the wave function of p-shell
nuclei.

The photo- and electroproduction processes as a test of A admixture in nuclei were
considered for the first time in [9]. In [10] a combined study of (¢, €' A"™) und (¢, ¢' A’) reactions
on *He was proposed by J. M. Laget.

The small size of the isobar admixture in nuclei hampers the experimental observation of
the A component. The main difficulty consists in separating the background mechanisms of the
reaction leading to an identical final state Before we have solved this problem by measuring
the photoproduction cross section for 7t'p pairs in the reaction y + nucleus — ' + p +X in the
kinematical region of high momentum transfer to the residual nuclear system X [11]. The idea
of the experiment is that the direct production of 7', p pairs by the nucleons in a nucleus is
forbidden for this reaction, whereas the background is concentrated in the small-momentum
transfer range.

In this work we present the results of the measurement of the reaction (y, n'p) differential
yield on '%0. The data are analyzed in the frame of the model under the assumption that the
formation of the 1" p pairs may be interpreted as a process which takes place on a A preexisting
in the target nucleus. The results of the measurement of the reaction >C(y, n'p) differential
yield obtained early are analyzed also in the similar kinematical conditions [12].

2. EXPERIMENT

Measurements of the differential yield of the reaction 'O(y, n* p) were performed at the
Tomsk synchrotron at electron beam energy E. = 450 MeV. The experimental setup includes
two coplanar arms detecting the positive pion and the proton in coincidence.

A strong focusing magnetic spectrometer was set at an angle 54  with respect to the
photon beam in order to positive pions select with mean momentum 181.3 MeV/c. The solid
angle of the magnetic spectrometer covered 3-10° sr and the momentum acceptance was 24%.
The pion momentum was measured to a precision of about 2% with the aid of a scintillation
hodoscope arranged in the focal plane of the magnetic spectrometer.

The proton channel included a (AE, E) plastic scintillation spectrometer and two
auxiliary counters with absorbers intended for monitoring the proton channel stability.
The AF counter of the spectrometer in front defined the solid angle of the proton channel to
0.26 sr. The mean polar angle of the proton channel with respect to the photon beam and its
angular coverage were 0, = (75£19)’, respectively.
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Within the range of the proton energy 7, = 50 + 130 MeV the analysis of the signals from
the photomultipliers of the AE and E counters allowed one to determine the polar angle and the
energy of the detected proton with position independent accuracies better than o(6,) =3 and
o(T,) = 4 MeV, respectively. The accuracy of the azimuthal angle ¢ was determined by the
vertical AZ counter dimension to o(¢) ~ 2.

The level of the cosmic background was less 1%. The total energy of the photon flux
during the runs was measured by the Gauss-quantameter in with the accuracy of 3%.

3. DATA ANALYSIS

In the present experiment fifty-five n'p events have been selected for the analysis. Figure
shows the differential yield of the '°O(y, n*p) reaction averaged over the proton emission angles
as a function of the proton kinetic energy. In the kinematical conditions our experiment the high
energy of the protons 7, correspond to high momentum transfer to the residual nuclear system.
The analysis of the contributions from the background ' p-production mechanisms was carried
out with the aim of determining the kinematic region where the reaction mechanisms caused by
non-nucleon degrees of freedom dominate. For this purpose, we employed so-called Valencia
model described in [13]. This model takes into account the one-, two-, and three-nucleon modes
of incident-photon absorption and the single-pion production on nucleons, as well as the pion
and nucleon re-scattering by the residual nucleus. The background is mainly due to the 7n'#- or
n°p-pair production followed by charge exchange re-scattering of a neutron into a proton or a 1°
meson into a7’ meson. As one can see in figure, according to the calculation the background is
concentrated in the range of small momentum transfer.

The results for the °O(y,n* p) and "*C(y,n* p) reactions have been analyzed on the basis
of the model of the pion photoproduction on the nuclei, which takes into account the isobar
configuration for the ground states of the nuclei with the closed shells. According to this model
the photon interacts with the A-isobar of the correlation AN system. Such system is result of
the mutual polarization or deformation of the bound nucleons in nuclei due to close collisions
* within nuclei. The wave function Way of the AN system was received from the generalized
Schrodinger equation [14-16]. According this approach bound nucleons in the nucleus, in
addition to the spatial, spin, and isospin coordinates are characterized also by the intrinsic
coordinate. Hamiltonian / for the system of N particles acts on spatial, spin, isospin, and
mtrinsic coordinates. The operators the kinetic energy and the two-particle  interaction unlike
those of standard nuclear physics depend also on the intrinsic degrees of freedom. Besides,
Hamiltonian contains the part stipulated by the introduction of the intrinsic degrees of freedom.
As result, nuclei can be considered as system of nucleons, the wave function of which have
the additional to purely nucleon, isobar configurations. The n- and p- exchange potential have
been used.

In our model one-particle transition operator was found using the amplitude of the
clementary process yA — 1N .The elementary amplitude was obtained within the diagrammic
approach. It was based on the coupling of the photons to pions, nucleons and A isobars using
effective Lagrangians.

The final-state interaction takes into account the absorption of the produced particles 1"
and p inside the nucleus. It depends on the pion and proton energies and their opening angle.

The =n'p pair photoproduction in this model is the result of the interaction:
a) of the photon and A" -isobar in the Ay, n'p)B” reaction;

b) of the photon and A™ - or A" -isobar in the A(y, n'p)nB” reaction.
In figure together with experimental data we present the calculation for the '°O(y, 7'p)
reaction.
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Figure. Differential yield for the '°O(y, =" p) reaction as a function of the kinetic proton energy: the
dots represents the experimental data; the results of the Valencia model at E,= 400, 420 and 450 MeV
are shown by the dotted, solid and dash histograms; the solid curve corresponds to the calculation with
two nucleons in the final state; and the dash curve corresponds to the calculation with one nucleon in the
free state.

The probability W of the excitation of A—-isobar as result of the interaction the bound
nucleons in the ground states was found by the two methods. In the first method the probability
W was calculated as norm of the wave function Wy of the isobar configuration of the nucleus.
In this approach the probability of the A—-isobar configurations per nucleon W is Wq,= 0.015.
In second method the value W was estimated from the comparison between the experimental
and theoretical reaction yields in the framework of our model. The norm of the wave function
Wan (x1, x2) in this case is a hormalization parameter. The estimation of the value W was made
by the least-squares method using the experimental data for the proton energy above 55 MeV,
where the contribution of the background reaction under Valencia model is very small. We
obtained W= 0.018 + 0.004. The analogous analysis was made for the 12C(ﬂy, 7’ p) reaction.
We obtained next estimations for the '>C nucleus Wy, = 0,013 and W= 0.012 + 0.005.

As one can see, the theoretical and experimental estimations for '°0 and '2C differ less
than one-standard-deviation.

This work part was supported by the Federal Agency for Science and Innovation (contract
No 02.740.11.0245).
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THE REACTION D(v, n%n)p AT THRESHOLD ENERGIES
M.I.Levchuk
B.I. Stepanov Institute of Physics, Belarussian Academy of Sciences, Minsk, Belarus

Pion photoproduction on nucleons is a very important source of inforination on their
electromagnetic structure. Nowadays an open question is the threshold value of the S-wave
electric dipole amphtude E " in the 7%n-channel. There is a notable disagreement in theo-
retical predictions for b Chlral perturbation theory (ChPT) and dispersion theory (DT)
give, respectively, 2.13 [ ] and 1.19 [2] in units of 1073/p,+. At the same time, both models
agree quite well in their predictions for E{ﬁ” , producing —1.16 and —1.22, respectively.

Because of absence of dense, stable, free neutron targets, measurements of the reaction
n — 7%n are forced to deal with neutrons bound in deuterium. There are two possi-
ble channcls for the study of this rcaction, namecly cohcrent, vD — #%D, and incohcrent,
D — 7%np, photoproduction. First mcasurcment of total and differential cross scctions
for the D(-y, 7%) channel at threshold cnergics was performed in Ref. [3]. After subtraction
theoretically predicted values for the incoherent channel from measured ones, total and dif-
ferential cross sections for the D(v,7%)D reaction were obtained. They then were used to
extract, in particular, the threshold amplitude Fy in 4D — #°D. Although, formally a
relation between Fy; and Eg?” looks very simple, like Fy = AF + aF§ I”, in fact it is not
easily to calculate reliably the coefficients AF, and a. So, authors of Ref. [3] were not in a
position to extract E7r .

Another option for extracting the threshold value of E7r " provides the incoherent channel
D(~, 7%)p when registering the coincidence of the neutron and decaying 7°%-meson. Such a
method was discussed in a proposal of 2004 and in a letter of intent of 2008 to the MAX-lab
PAC [5].

Below we present our first theoretical estimations for the differential cross section of the
above reaction at threshold energies. The model is close to that built in Ref. [7] where the
semi-exclusive process D(vy, 7%)np at threshold energies was studied.

All calculations refer to the lab frame. We denote by k = (F.,, E), pe = (M,0), g = (€x, §),
Pp = (€p Pp), and pp, = (€n, Pr) the 4-momenta of the photon, deuteron, pion, proton, and
neutron, respectively. As independent kinematical variables we take the 3-momentum of the
neutron p, and pion angles (O, ¢5). One has for the value of the pion momentum

I = [A(’ + B\/A% _ 42D ] (1)

where

M2+ p? + m2 — m?
= ! 5 P+ (E,—en)M = k- pp,

= M+F,~¢, C=(k-7)¢ D=B-C? (2)

and i, my,, and m,, being, respectively, the meson, neutron, and proton masses. Equations (1)
and (2) restore the 3-momentum of the pion ¢ and, therefore, the full kinematics. Threshold
values of the momenta and kinetic energies of final particles are

" =9.5MeV/c, E;"=0.3MeV, py ~p* =664 MeV/c, By ~ E* =23 MeV. (3)

T

Note that at threshold energies all final particles move in the forward cone.
The differential cross section reads

d’o 1 mnmplpnllrﬂ 2
dE,d0.dQ0, ~ (2n)° 4E,|exq - pp~ Z 7T @
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In the present work we have taken into account contributions to the reaction amplitude
from diagrams displayed in Fig. 1. The deuteron wave function and the amplitude of 7°-
photoproduction on the nucleon are needed at evaluation of the pole diagram 1(a). The
CD-Bonn potential [4] is used to generate the former. The low-energy photoproduction
amplitude in the c.m. frame is

47TVV7,-N [ - 3

TyNoaN = (Eo++k QPl)“f'w'k‘T'ngJrq"(Exaps], (5)

KL

where W,y is the total energy of the m/N-system, and p;, p, and p3 are the P-waves. We
use a parametrization for Fp, given in Ref. [6]:

ﬂON(Wﬂ-N) =ap+ al( W;‘})‘N2) + iag a s (6)
Hrt

where W%, = p+my is the threshold energy for the 7° N-channel, ¢, is the 7N c.m. momen-
tum (which is imaginary below the charged pion threshold), and g; are energy-independent
parameters which were evaluated in Ref. [6] to reproduce ChPT and DT predictions for the
7%p-and 7’n-channels. The last term in Eq. (6) is responsible for the so-called cusp effect.
The P-wave amplitudcs arc taken to be the same as in Table 1 of Ref. [7]). The amplitude
(5) is used at cncrgics Wiy corresponding to lab photon cncrglcs up to 170 McV for the
N — 7N rcaction.

@ o

Figure 1: Pole (a) and one-loop (b-¢) diagrams of the reaction YD) — 7%np. Permutation
Ny & N; is not shown.

Diagram 1(b) has also to bec taken into account becausc of very strong np-final statc
intcraction (FSI) at threshold cnergics. Onc new block needed at cvaluation of this diagram
is the half-off-shell np-scattering amplitude. It has been build for the CD-Bonn potential.
It is wort mentioning that we have found results to be inseusitive to the choice of a NN-
potential. This is a consequence of the smallness of nucleon momenta involved in the reaction
mechanisms. Also one needs a parametrization of the 7°-photoproduction amplitude above
170 MeV. Such energies emerge at the integration over nucleon momenta in the loop in
diagram 1(b). We use the well-known Blomqvist-Laget model [8] in this region.

Although the s-wave 7 N-scattering lengths are about two order smaller than those for
np-scattering, a contribution of diagram 1(c¢) with 7 N-FSI is not suppressed in comparison
to that of 1(b). The reason is that the intermediate 7-meson in this diagram can be both
neutral and charged, and the photoproduction amplitude for the latter in the threshold region
is about 30 times larger than that for the former. We have evaluated diagram 1(c) using the
Blomqvist-Laget model for charged pion photoproduction and a separable parametrization
of the 7 N-scattering amplitude from Ref. [9].

Some results of the calculation are presented in Fig. 2. One observes a huge effect
of np-FSI. The sharp peak at E, ~ 1.7 MeV corresponds to the kinematics where the
relative energy of the np-pair is close to zero. Notable decrease of the cross sections above
3 MeV stems from 7 N-FSI. The predictions are very sensitive to the parametrization of the
amplitude. DT produces only about a half of the ChPT cross section at all E,.

Of course, the present calculation is not complete. As was shown in Ref. [7], two-loop
diagram 3(a) with charge pion photoproduction in the intermediate state is very important
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Figure 2: Differential cross section as a function of the neutron kinetic energy F, at
E, = 145 MeV, ©, = 10°, and ©, = —10° in coplanar geometry. The dotted line is
the contribution of the pole diagram 1(a) if the ChPT parametrization is used in Egs. (5)
and (6). Successive addition of the diagrams 1(b) and 1(c) gives the dashed and solid lines,
respectively. The dash-dotted line is obtained with the DT parametrization.

at threshold energies. There is another two-loop mechanism shown in Fig. 3(b) that expected
to give a notable contribution to the reaction amplitude when again the charged 7-meson
is produced in the intermediate state. As to third two-loop diagram 3(c), we suppose it to
be safely neglected at threshold energies. Evaluations of two-loop diagrams 3(a) and (b) are
underway now.

1o N,
(a) )

Figure 3: Two-loop diagrams of the reaction YD — 7%np. Permutation Ny <« Nj is not
shown.
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4D SCATTERING AND POLARIZABILITIES OF THE NUCLEON
M.IL Levchuk!, A.I L'vov?

1P.N. Lebedev Physical Institute, Moscow, Russia;
2B.1. Stepanov Institute of Physics, Minsk, Belarus

Revised and corrected results of our earlier calculation [1] of elastic vd scattering
are presented. For the first time all existing data on that reaction below 100 MeV
are successfully described. A two-parameter fit for isospin-averaged dipole electric and
magnetic polarizabilities of the nucleon gives ay = 13.7+ 1.1, fy = 3.2+ 1.1 (in
the units of 1074 fm3). With the constraint oy + By = 14.6 (Baldin sum rule) a
one-parameter fit gives ay — fy = 9.4+ 1.6.

1. A possibility to measure electromagnetic polarizabilities of the neutron in the reaction
of elastic yd scattering was considered during last years in several theoretical works, in which
different methods of taking into account effects of the nuclear environment have been tried.
Part of these analyses relied on realistic, high-quality phenomenological nucleon-nucleon
potentials (see [1] and references therein). In other approaches methods of effective field
theories, including chiral perturbation theory, have been applied [2, 3].

In our opinion, among all of these investigations, our calculation [1] still remains the
most complete and precise (up to a bug in the computer code, see below). In that work
the amplitude of elastic yd-scattering was found in a model of N/N-interaction represented
by the Bonn one-boson-exchange (OBE) potential, with the corresponding realistic wave
functions of the np-system both in the discrete and continuous spectrum, with the use of
meson-exchange currents and seagulls (effective two-photon vertices) consistent with the
given OBE N N-interaction, with inclusion of main relativistic corrections, corrections for
retardation, effects of the A-isobar excitation, etc. Many of the effects that we consider
sizeable and deliberately take into account have been neglected in works of other authors.

Generally, the dipole electric and magnetic polarizabilities of the nucleon, o and (3, are
structure parameters characterizing the particle’s ability to get induced electric and magnetic
dipole moments in external soft electromagnetic fields. These parameters enter the low-
energy expansion of the nucleon Compton scattering amplitude to second order in the photon
energy. The proton polarizabilities have been successfully measured in dedicated experiments
on low-energy -yp-scattering in 1960-2001. Similar measurements of yn-scattering can be
done with neutrons weekly bound in deuterons. The deuteron is clearly very good as a
neutron container owing to minimal distortions introduced by nearby protons and owing to
a good theoretical control over the distortion effects.

Our analysis of the reaction of low-energy elastic yd scattering, in which a coherent
sum of yp- and yn-scattering amplitudes is probed, is carried out using a nonrelativistic
diagrammatic approach with a nonrelativistic version OBEPR of the Bonn potential. This
potential suggests a simple diagrammatic picture of strong interaction via meson exchanges
from which meson-exchange currents (MEC) and seagulls consistent with the potential can
be straightforwardly constructed. Those MEC as well as a related technique of loop cal-
culations have already been carefully tested [4] in applications to the reaction of deuteron
photodisintegration, including polarization observables.

Actually, deuteron-structure dependent effects in low-energy <yd scattering are strongly
dominated by a well-known long-ranged single-pion exchange. Moreover, electromagnetic in-
teractions related with a short-range part of the /N N-interaction (the latter is parameterized
by heavy-meson exchanges and form factors in the Bonn OBE potential) are mostly fixed at
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low energies in a unique way by gauge invariance and its consequence — Siegert theorem.
For this reason, a model dependence related with unreliably known features of the short-
range IV N-interaction and with therefore somewhat arbitrary choice of the N N-potential is
not large provided the used potential includes the long-ranged single-pion exchange and the
short-range part is adjusted to give an accurate description of the binding energy and the
N N-scattering amplitude.

Having fixed the strong and electromagnetic interactions in the specific Bonn model,
we take into account a full set of diagrams (up to four loops) thus guaranteeing the gauge
invariance of the resulting amplitude of vd — 7d. Beyond that additional two-body con-
tributions due to A-isobar excitation and retardation in pion-exchange diagrams are added.
One-photon interaction of the free nucleon is considered together with the important spin-
orbital term which is the most essential relativistic correction in the considered problem.
Two-photon structure of the free nucleon is accounted through its dipole electric and mag-
netic polarizabilities (also together with a relativistic correction) describing effects to second
order in the photon energy. Important higher-order corrections are also included using re-
sults of phenomenological calculations through dispersion relations for spin, quadrupole, etc.,
polarizabilities.

In the previous version of the calculation we met a problem with a description of the
Saskatoon laboratory data [5] on ~d-scattering at 94 MeV. Recently we have found that
this failure is caused by a sign mistake in the computer code for the A-isobar contribution
to the two-body electromagnetic current in crossed diagrams that resulted in a noticeable
underestimation of the differential cross section at backward angles and a strong shift of
extracted polarizabilities of the nucleon. After correction of this mistake we arrive at a very
satisfactory agreement with all the data (see below).

Another shortcoming of the previous calculation was in using a too poor approximation
for four-loop diagrams with two meson-exchange currents and intermediate IV N-rescattering,.
Actually, in order to facilitate four-loop computations, a simplified off-shell NV N-rescattering
amplitude was used, namely the amplitude found with a separable NN-potential built as
a truncation of another, the Paris potential. As a result of using different IV/N-potentials
in different. pieces of the whole amplitude, some mismatch appeared between the resonance
and seagull parts at all energies, so that gauge invariance was not exactly maintained and
the corresponding low-energy theorem was also not exactly fulfilled. For example, at zero
energy and the forward scattering angle we have got the spin-averaged amplitude of deuteron
Compton scattering to be —0.47 (in the units of e2/M, M is the nucleon mass) instead of
the correct value of —0.50. With the advent of faster computers, we are capable today to
do four-loop calculations directly, thus avoiding the Paris-potential separable approximation
and using the N N-rescattering amplitude consistently as it is in the Bonn model. In the
presented now results, the mentioned mismatch is cured and the total Compton scattering
amplitude obeys nicely the low-energy theorem within the accuracy of numerical calculations.

2. We omit further computational details that can be found in Ref. [1]. Our present
(corrected) main results are as follows.

Considering the isospin-averaged nucleon dipole polarizabilities oy and By as the only
free parameters, we fit available data on the differential cross section of yd scattering [5-7]

and obtain
oy + 0By =169+£15, ay— By =10511.7 (1)

(in the units of 10™* fm3) with combined statistical and systematic uncertainties and a very
satisfactory x?/d.o.f = 33/(29 — 2). Actually the obtained numbers slightly depend on the
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explicit version of the Bonn potential used.

A one-parameter fit with the theoretical constraint ay + Sy = 14.6 (Baldin sum rule)
gives a consistent value ay — Sy = 9.4 % 1.6.

In contrast to previous (erroneous) results in [1] the obtained difference oy — By is now
in a good agreement with the proton’s value (o, — 8, = 10.12:0.6 [8]) that means the absence
of a visible isovector component in the nucleon dipole polarizabilities « and 5.

It is remarkable that for the first time a good description of all available data on «d scat-
tering is obtained (see Fig. 1) including data points at the highest energies and backward
angles where all previous calculations failed. This might be important for theoretical inter-
pretation of expected new data at energies 40—110 MeV and angles 30—150° from MAX-lab
(Lund) [9}.
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Figure 1: The differential cross section of «yd-scattering at three selected energies. Dotted

lines: the nucleon dipole polarizabilities are turned off. Dashed lines: ay + Oy = 14.6

and ay — v = 9.4. Solid lines: ay + v = 16.9 and ay — Sy = 10.5. Data are from
Urbana [6] (o), Lund [7] () and Saskatoon [5] (O).
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SEMI-INCLUSIVE CHARGED PION
ELECTROPRODUCTION OFF THE PROTON

M. Osipenko! 2
(The CLAS Collaboration)

IINFN, Sczione di Genova, 16146 Genova, Italy
£Moscow State University, Skobeltsyn Institute of Nuclear Physics, 119899 Moscow, Russia

The semi-inclusive electroproduction of hadrons off the nucleon, eN — €'k X is an impor-
tant tool allowing to study simultancously thc intcrnal structurc of the target nuclcon and
hadron creation mechanism. In Deep Inelastic Scattering (DIS) regime the semi-inclusive
electroproduction of hadrons can be described by perturbative quantum chromodynamics
(pQCD) combining our knowledge of non-perturbative distribution /fragmentation/fracturc
functions. Indeed, the inclusive lepton scattering off the nucleon and hadron production
in e'e” collisions allow one to study separately the momentum dependence of the parton
distribution functions in the nucleon and the parton fragmentation functions, respectively.
The electroproduction of hadrons in the current fragmentation region combines these two
and provides additional information about hadronization and nucleon structure.

The data were collected at Jefferson Lab in Hall B with the CEBAF Large Acceptance
Spectrometer (CLAS) [1] using a 0.354 g/cm? liquid-hydrogen target and a 5.75-GeV electron
beam. The average luminosity was 1034 ecm™2?s™!. The CLAS can detect and identity charged
particles with momenta down to 0.2 GeV/c for polar angles between 8° and 142°, while
the electron-pion separation is limited up to about 50°. The total angular acceptance for
clectrons is about 1.5 sr. The momcentum resolution is a function of the polar scattered angle
and varies from 0.5% to 1%. The angular resolution is approximately constant, approaching
1 mrad for polar and 4 mrad for azimuthal angles.

Using these data we performed a measurcment of semi-inclusive nt clectroproduction [2]
with broad coverage in all five independent kinematic variables: four-momentum transfer
Q? from 1.4 to 5.7 GeV?, Bjorken z from 0.15 to 1, z from 0.07 to 1, p2 from 0 to 1.5 GeV?
and full coverage from 0 to 27 in the azimuthal distributions. The measurement of fully
(five-fold) differential cross sections allowed us to study all possible correlations between
dynamical dependencies in five kinematic variables. Moreover, the complete coverage in the
azimuthal distributions was very important to separate the three contributions to the total
cross section:

d°c

GrdQPdzdpidd or(1 + e¢R){1 + 2(cos ¢) cos ¢ + 2(cos2¢) cos2¢} , (1)

¢-independent part (o7(1 + €R) with ¢ being the virtual photon polarization), cos¢ and
cos 2¢ terms.

The ¢-independent part of the cross section falls off exponentially in p2. This has been
predicted in Ref. [3] to arise from the intrinsic transverse momentum of partons. We observe
no deviation from this exponential behavior over the entire kinematic domain of our data.
At largc 2 the mcan transverse momentum (p3.) (the exponential slope) is found to be almost
x and (%-independent and it rises with z as expected within the naive parton model. In the
low-z region, (p3) is altered by the limited phase space.
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In order to compare the measured ¢-independent part of the cross section with pQCD
calculations we integrated it in p% and extracted the structure function H, by using the
known ratio R of longitudinal to transverse virtual photon cross sections [4]:

2ma?
x()*

Obtaincd structurc function 11, = ¥, ¢z fi(z)® D2(z) was comparcd to LO and NLO pQCD
calculations given in Ref. [5], where the parton distribution function f(z) were taken from
Ref. [6] and the fragmentation function D(z) were taken from Ref. [7]. In the NLO calcu-
lations we included a systematic uncertainty due to arbitrary factorization/renormalization
scale variations, indicating the size of possible higher order effects. NLO calculations within
their uncertainty lie closer to the data in the low-z region than LO ones. The difference
between the data and NLO pQCD is at most about 20% and it leaves room for an addi-
tional contribution from target fragmentation of <20% in the low-z region. However, this
difference is comparable to systematic uncertaintics in the calculations duc to highcr-order
corrections and the favored fragmentation assumption. The multiplicity ratio Hy/F, (the
ratio of semi-inclusive and inclusive cross sections) demonstrates the same level of agreement
between data and pQCD calculations as IT, alonc. This demonstrates that the differences
between the data and theory do not cancel in the ratio.

Because the agreement between pQCD calculations and our data was rather poor even
at large-z we could cxplore only qualitative behavior of the structurc functions to scarch
for the target fragmentation contribution. One can naively define all hadrons produced in
the direction of the struck quark to be in the current fragmentation region, whereas those
produccd in the dircction of the spectator diquark to be in the target fragmentation region.
In the CM frame, the variable z mixes backward-angle production with the production of
low-momentum forward-going hadrons [8]. In the left panel of Fig. 1 we compared measured
Feynman zr distributions with the LO pQCD calculations combined with a Gaussian pr-
distribution. The theory describes approximately the zrp > 0 behavior beginning from the
xp ~ 0 peak. At negative zr values the theoretical curve is almost constant and deviates
strongly from the data. This is because at zr < 0, z is close to zero and varies slowly,
making (z) nearly constant. In order to distinguish target and current fragmentation,
onc can usc a different variable [8]. This can still be interpreted as the parton momentum
fraction carried by the measured hadron, similar to that in ete™ collisions. By simply using
the fragmentation function D(zg) for both forward and backward regions, one obtains a
qualitative agreement between theorctical and experimental zp distributions (sec the right
panel of Fig. 1). Hence the target fragmentation term is similar to the standard “current
fragmentation” contribution.

The ¢-dependent terms arc typically less than a few percent of the ¢-independent part
of the semi-inclusive cross section. The (cos2¢) moments are generally compatible with
zero within our systematic uncertainties, excluding the low-z and high-pr region where they
are definitely positive. The {cos ¢) moments are more significant due to smaller systematic
uncertainty and they are negative at large-pr. These data were compared to the theoret-
ical prediction based on phenomenological models of two different mechanisms: Cahn and
Berger effects. The Cahn effect arises from the simple kinematic consideration of partons
with intrinsic transverse momentum and can be caleulated explicitly in the limits Q? — 20
and z — 1. The Berger effect is due to the exclusive production of a single hadron from a
free quark. The formation of this hadron through one-gluon exchange yields a ¢-dependence

II,

1+ R 2)

/ or(1+ eR)dpl = 22 (1 + (1 — )?)
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FIG. 1: The zp-dependence of the ¢-independent term op(1 + €R) at Q% = 2 (GeV/c)?. = 0.26
and diffcrent valucs of p. The data arc compared to LO pQCD calculations combined with a
Gaussian pr-dependence. The theoretical curves on the left panel are using the fragmentation
function D(z), while on the right panel D(z¢).

proportional to the hadron wave function. Since such production mechanism does not re-
quire any intrinsic transverse momentum of partons it is completely orthogonal to the Cahn
effect. Theoretical predictions on the (cos¢) are in strong disagreement with our data.
Both data and theory suggest negative {(cos¢), but the theory overestimate its magnitude
by many standard deviations over much of the kinematics. This is due to the dominant,
negative Cahn effect contribution. Theory predicts very small (cos 2¢) values partially due
to cancellation between the Cahn and Berger effect contributions. These predictions are
generally in agreement with our data. The data points at large pr and low z lie above the
theoretical curves, this difference reaches 2-3 systematic deviations.

The comparison with highcr cnergy data taken at Q2 ~ 30 — 60 GeV? in Ref. [9] reveals
the striking difference between the two measurements of {cos ¢), whereas both measurcments
of {cos2¢) at large and small ()? are compatible with zero. At large ()* the absolute values
of {cos ¢) rcach 0.05-0.1 and scem to follow the cxpected 1/Q? behavior. However, our data
at lower ()? do not follow this trend having values compatible with zero.
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SILICON VERTEX TRACKER FOR THE TINAF HALL B UPGRADE
M. Merkin, A. Voronin, D. Karmanov, S. Rogozhin
Skobeltsyn Institute of Nuclear Physics, Moscow State University, Moscow, Russia

The Silicon Vertex Tracker is a part of the Thomas Jefferson National Accelerator
Facility Hall B upgrade project. Jefferson Lab operates the CEBAF accelerator with a
continuous electron beam; the upgrade increases the beam energy to 12 GeV and the

luminosity reaches 10* /IS/ om? The current CLAS detector complex in Hall B is comprised

of drift chambers, time-of-flight scintillators and Cherenkov counters. The upgraded version
of the detector complex is dubbed CLAS12; it provides for reliable 4z particle registration at
high luminosity.

The SVT is a key element of CLASI2 [1]. It consists of two sections: the barrel and
the disc, each section is assembled from standard wafers — see Fig. 1. The barrel part is
comprised of four superlayers (each superlayer is made of two sensor layers with intersecting
strips to determine two spatial coordinates). The fourth superlayer is redundant, however, it
significantly decreases the probability of track loss. The disc part consists of three
superlayers. It operates in conjunction with the forward detector complex, therefore losing
one point in the tracker is less critical, at the same time adding a fourth layer would decrease

the accuracy of the whole detector.

Fig. 1. Layout of the Silicon Vertex Tracker.

[t should be noted that a silicon tracker is the only system able to provide the required
resolution of 50 pm in the limited space available. This resolution can be achieved with a strip
pitch of 150 pm. If 300 um thick wafers are used, the effects of multiple scattering are
negligible.

The readout ASIC for the SVT needs to operate with CEBAF’s continuous beam.
Most integrated circuits that are used in silicon sensor arrays operate with fixed-time bunch
crossings. It should be noted that despite the high luminosity radiation hardness is not an
important parameter with an electron beam.

The main candidate for the DAQ system is the FSSR2 ASIC. The FSSR2 has 128
input channels, each channel is equipped with a preamplifier, a shaper, a 3-bit ADC and a
discriminator. The shaping time can be set to 65, 85, 100 or 125 ns; the overall dynamic range
of the amplifier is circa 2 MIP for the 300 pm wafers used. The most important feature of the
FSSR2 is its self-triggering mechanism: if a signal exceeds the discriminator threshold, the
ASIC transmits the hit data: the hit channel number, the signal magnitude and a time stamp.
Thus, it is able to operate continuously (until a certain input rate is reached). The FSSR2
ASIC is controlled by two clocks: the slow clock (designed to run at 132 ns) operates the
chip’s core logic; the fast clock (70 MHz) drives the data readout. Data is transmitted in 24-
bit words, either status words transmitted by default, or data words with information
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corresponding to a stngle event. Other characteristics of the FSSR2 are its low noise levels
and low power dissipation (500 mW).

In order to evaluate the FSSR2’s performance, a computer simulation of its data rate
handling capability was performed [2]. The test program generated events evenly distributed
across the ASIC’s input channels and processed them in the way the chip’s logic does. Two
possible causes for data loss were studied. First, two hits in a single channel over a short
period of time cannot be distinguished. Second, the FSSR2 has no pipeline, therefore hit
acquisition is stopped while data s being read out.

% of missed hits vs rate
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Fig. 2. Percentage of hits lost as a function of the hit rate.

Results are presented in Fig. 2. At arate of 1 MHz per ASIC 0.05% hits are lost due to
multiple events and 1.65% hits due to the chip logic’s dead time. GEANT4 simulations
indicate an expected rate of 1 MHz per ASIC in the inner regions of the tracker.

Noise measurements were performed to determine the amplifier noise sensitivity to the
sensor capacitance. The common method of measuring noise is by calculating the distribution
of output signal magnitude at a certain input signal level and certain ADC thresholds.
However, this method is not applicable due to the low resolution of the FSSR2’s ADC. The
discriminator threshold, on the other hand, has a better resolution of 8 bits. Therefore, a
different method was used. The hit rate was measured as a function of the discriminator
threshold. The obtained distribution is called the complementary error function and is the
signal rate distribution integrated. Taking noise into account, the initial signal rate distribution
is Gaussian with the p and ¢ parameters corresponding to the input pulse and the amplifier
noise.
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Fig. 3. Diagrams of the charge injection circuit (left) and readout chain with sensor attached (right).

A test stand was assembled to perform the measurements — see Fig. 3. A square pulse
with a frequency of 100 kHz was injected through a special calibrating capacitor Cy to
imitate charge collected from a sensor. The calibrating capacitance needs to be relatively
small in order not to increase the noise levels. A sensor strip capacitance is estimated to be 20
pF, therefore, a 1.5 pF capacitor was used. The pulse magnitude was equivalent to a MIP
signal (3.6 fCl in 300 um of silicon). A set of sensor equivalent capacitors Cy with
capacitances ranging from 0 to 40 pF was installed after the calibrating capacitor.

A special software was developed to perform the test. The software adjusted the
discriminator level from minimum to maximum and measured the hit rate. The obtained
distribution was numerically differentiated and the p and o parameters were calculated. The p
parameter corresponded to the injected signal, the ¢ parameter to the noise level which was
recalculated in electrons — see Fig. 4. Measurements were performed at different shaping
times. Noise levels are consistent with previous measurements [3]. Reducing the shaping time
increases the noise, however, the signal-to-noise ratio remains acceptable at all capacitances.
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Fig. 4. Noise level as a function of sensor capacitance at 65 ns and 125 ns shaping times.

To imitate particle detection, a laser test stand was assembled. A single-channel silicon
sensor was attached to the ASIC — see Fig. 3. The sensor is drawn as a reverse-biased diode
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and a capacitor (the sensor’s capacitance was estimated at 20 pF). High voltage (- 50V) is

applied through a special filter.

The laser was driven by pulses with a frequency of 100 kHz and a duration of 80 ns.
The pulse amplitude was calibrated to be equivalent to a MIP. The above described method
was used to obtain signal rate distribution. The results are presented in Fig. 5, the generator

signal with a 20 pF equivalent capacitor is presented for reference.
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Fig. 5. Signal rate distributions for the laser test stand and an injected signal.
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PHOTOPRODUCTION OF 797" ON THE PROTON AND DEUTERON
AT E, = 0.7—1.5 GEV

A. Mushkarenkov for the GRAAL collaboration
Institute for Nuclear Research, 117512 Moscow, Russia

Abstract

The preliminary results obtained by the GRAAL collaboration for the 77t pho-
toproduction on the free and quasi-free proton (deuteron) at E, = 0.7 — 1.5 GeV are
presented. The total cross section of the yp — 7% ! n reaction and invariant mass spec-
tra for the 71 7, 7tn and 7%n systems are presented in the photon energy range from

0.7 to 1.5 GeV. These results are in good agreement with the 2m-MAID calculations.

Double pion photoproduction processes give the main contribution to the total photoab-
sorption cross section at E,= 0.7-1.5 GeV. They provide new information on the cascade
channels of the nucleon resonances decays. e.g. N* — (An,pN,oN) — 7w N. This infor-
mation can highlight resonances which are not seen in the 7N or n/N channels and brings
additional constraints for the theoretical models of the nucleon.

The w71 process on the proton has been experimentally studied using DAPHNE and
TAPS detectors at MAMI [1,2,3] for E, below 0.8 GeV. These unpolarized measurements
have been complemented in the work [3] with the helicity dependent cross-sections ;s
and 03/, corresponding to the absorption of circularly polarized photons by longitudinally
polarized nucleons with anti-parallel and parallel relative spin orientations, respectively. It
has been found that the model [4] can well describe experimental data for s/, for which
the processes yp — Diz — (7, pt'n) — 77 +n arce largely responsible, but fails to describe
o1/2 indicating nou-resonant mechanisms of the reaction which are not fully accounted in
the model.

The experiment was performed at the GRAAL facility which uses a tagged photon beam
with £,=500-1500 McV (AE,=16 McV) obtained from the lascr-induced Compton backscat-
tering of storage ring electrons with an energy of 6 GeV. A schematic view of the GRAAL
detection system is shown on fig. 1. This detector is described in details in work [5]. Detection
efficiencies of the LAGRAN~E detector for charged particles and photons are 270-100% de-
pending on the software reconstruction conditions. Neutron detection cfficiency amounts to
~60% for the BGO ball [6] and ~22% for the shower detector [7].

Data collected on the proton and deuteron targets were analysed in a very similar way to
select candidates of the 7%7* photoproduction process. A signal from the tagging detector
together with two photons of m° decay in the BGO ball, as well as a neutron and 7t detected
in the central or forward direction were required. Events with a two photons invariant mass
within the range 0.1-0.18 MeV were selected as those that containing a 7° in the final state
(see fig. 2). The measured energy and momentum of the 72 and the measured angles of the 7t
and neutron provided, for each event, the necessary constraints for a 3-body kinematical fit
that was performed to determine the unmeasured 7t and neutron energies. In addition. the
following cuts were applicd: 30° < A0, < 30° and 40° < Ay, < 40°, where A0, and Ay,
are differences between measured and calculated polar and azimuthal angles, respectively
(figs. 3 and 4).

A special attention was devoted to evaluate of the LAGRAN~E detector acceptance. It
was found that 7° mesons with 0 < 20° were not detected by our apparatus. This indicatces
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Fig. 2. 2+ invariant mass distributions for selected 7°7* events. The left (right) plot
is from the proton (dcutron) target. Open and closed circles correspond to the data
before and after the kinematical cuts applied, respectively. The vertical lines show
the selected ranges.

that an extrapolation using a theoretical prediction is needed for the calculation of the total
cross section.

Fig. 5 shows a comparison of the invariant mass spectra for the 771, #% and 7tn
systems measured at the 3 different F., energy regions on the proton (closed circles) and
deutron (open circles) targets. The detector acceptance correction are not applied. No
sizeable nuclear effects can be deduced from this comparison.

Fig. 6 shows a comparison between the experimental invariant mass spectra with the ones
simulated using the GEANT3 code. In the simulation, the 71 A%, 7%A*, p'n and 77tn
(with a uniform phase space distribution) intermediate mechanisms were implemented. The
contribution of each partial channel was deduced from a fit of the total photoabsorption cross-
section on the proton using a sum of 6 Breit-Wigner resonances plus a smooth non-resonant
background [8]. The simulated data were analysed in the same way as the experimental
one. It was found that this simple phenomenological model could fairly well describe the
invariant mass sprectra for both the 7% and ntn systems while the 7’7" spectra indicate
an slight model overestimation of the p*n channel contribution. Due to its good agreement
with the experimental data, this model was used to evaluate both the detection efficiency
and the extrapolation correction of the data into the unmeasured kinematical region.
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Fig. 4. Differences between the calculated and measured neutron ¢ angles for all
selected events. Notations are the same as in fig. 2.

The prelilinary results of the total cross-section for the vp — 77 o reaction are pre-
sented on the fig. 7. In this prelimminary phase. only a relative normalization was evaluated
for these data. The absolute normalization value was obtained by scaling to the total cross-
section values obtained at MAMI. In fig. 7 the data that were thus abtained are compared
with the 27-MAID model calculation [9]. Oue can see the model can well describe the basic
trend of the observed data but there is a 5-10 pb overestimation. Above 1.4 GeV there is
an increase of the experimental data while the model still predicts a decreasing behaviour.
Accornding to the 27-MAID model, the peak at ~0.75 GeV correspouds to the internediate
D,3(1520) resonance excitation and the broad bump centered at E,=1-1.1 GeV is due to the
excitation of the F;5(1680) resonance and to the non-resonant p* production.

As it. was said above, the obtained total cross-section values depend on the model selected
for the detection efficiency calenlation. Therefore, the detection cfficiency calculation has
to be done taking into account the some other different models that may provide us with a
systematic error related to the model chosen.

This work was supported by Russian Foundation for Basic Research, grant no. 08-02-
00646-a.
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The coherent dissociation of relativistic nuclei “Li to
the *H + ‘He channel
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Abstract

The coberent dissociation of relativistic nuclei “Li at the momentum of 3A GeV/e
to *H + “He was studied by the photoemulsion technique. Results on the total (314
4 mb) and diffcrential vs the momentum transfer Q cross sections are presented. The
observed Q-dependence of cross section is interpreted within the cluster model and
the Akhieser-Sitenko-Glauber approach mainly as the superposition of two individual
nudlear diffractional patterns from light (C,N,0) and heavy (Br, Ag) nuclei. The
contributions to cross section due to the electromagnetic (the Bertulani-Baur theory)
and nuclear interactions are well separated in the variable Q. Calculated values are
correspondingly 4 mb (Q< 50 MeV/c) and 40.7 mb (Q< 400 MeV/c).

PACS: 25.75.-q, 25.70.Mn. 21.60.Gx, 24.10.Ht, 29.40.Rg

The study of nucleus properties and reaction mechanisms in Coulomb and nuclear inter-
actions at the nucleus-nucleus collisions has more than half a century history [1-4]. In recent
years these investigations are steeply expanding to relativistic energies [5-8].

It has been known that at the energies of hundreds MeV and above in parallel with
the Coulomb interaction the nuclear diffractional reaction mechanism hecomes important at
stall mowmentum transfer Q. It is analogous to the optical diffraction and has been predicted
in the mid-1950s [9-12]. A distinguishing feature of diffraction is oscillations observed in the
elastic particle or nucleon scattering cross sections (do/dQ) with the main maxinmum at small
angles of order ¥ ~ A/R, where A is the de Broglic wave length of an incident particle and R is
the size of interaction region. In this case the miclear and Rutherford cross sections overlup
considerably. It was suggested earlier [12] that the diffractional mechanismn can produce
the coherent disintegration of incident nucleus (without the target nucleus excitation) and
the particle production also. The coherent dissociation of >C to three a-paricle has been
observed in nuclear emulsion (py = 4.5A GeV/c¢) and in propan bubble chamber (py = 4.2A
GeV/c) [13,14] but a proper theoretical analysis of the Coulomb and nuclear contributions
was not presented. It should be noted that the direct observation of diffractional pattern
by a coumter technique for processes of miclear disintegration is a complicated task and was
not implemented up to the present. In counter experiments the energy spectra of charged
particles are usually measured for fixed emission angles [15, 16].

From many reactions detected in the emulsion (multifragmentation, meson production)
we selected two-body final channel *H + “He corresponding to two-cluster structure of
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the projectile “Li which is suitable for checking the current cluster model, the relativis-
tic Coulomb cxcitation theory and nuclear diffractional approaches for very small A ~ 0.01
fin.

In this experiment the coherent dissociation cross section do/dQ for the “Li projectile
is measured with the goal to reveal special features of the nuclear and electromagnetic
contributions. As is shown in the previous paper [8] very small emission angles of clusters
are typical to this reaction at elativistic energies and therefore one could expect a joint
noticiable manifestation of both the miclear and electromagnetic reaction mechanisms [5].
Theoretical approaches [5,10,17,18] and the two-cluster model of “Li with the Pauli forbidden
bound states [19,20] enables one for the first time to determin the regions in the variable Q
of the nuclear and electromagnetic contributions to the studied reaction.

The emulsion stack was composed of layers of nuclear photoemlsion BR-2 which is
sensetive to minimum ionization of the singly charged particles and irradiated in the “Li
3A GeV/c beam provided by the JINR synchrophasotron. In this photoemulsion the nuclei
"Li and the singly and doubly charged particles arc casily distinguished visually according
to the ionization density on their tracks. For the determination of masses Ay of fragments
the multiple Coulomb scattering of particles was measured. The detailed description of the
identification procedure of protons, deuterons and *H, **He nuclei by this technique is given
in Ref. [8].

From the total number of 3730 observed inelastic interactions only 85 events of the
coherent disintegration of “Li to 3H+“He were separated. The nuclear emulsion contains
1.03 - 10%22em™2 nuclei Br or Ag and 2.85 - 10%2¢m™ nuclei C,N,O. The pathes of the recoil
miclei Ag, Br having momenta less than 1 GeV/c are very small and they were not detected.
The nuclei C,N,0 with the momenta above 200-300 MeV/c have pathes more than 2 um
and they can be identified. For events collected the momentum transfer Q< 400 MeV/c
and recoil nuclei were not seen. Interactions of "Li with the protons were identified but not
analyzed.

These 85 events were detected at the examination of the beam tracks with the total
length 548.37 m that corresponds to the mean free path 6.540.7 m for the reaction channel
considered. The cross section averaging over all photoemulsion nuclei is determined as the
ratio the nmumber of events to the total number of nuclei on the length of examinated tracks
0=85/(5.4837-10"-4.91-10?2 3)=31+4 mb.

The transverse momentum transfer  is equal to the vector sum of the transverse mo-
menta of 3H and *He. Their values are determined by the relation p, = pyA rsin(0) where
0 is the cmission fragment angle relative to the progectile momentum. The accuracy of
measurements of Q is about 10 MeV /c. The experimental cross section do/dQ is shown in
Fig.1 together with the theortical curves the meaning of which will be explained below. The
characteristic non-monotonous Q-dependence has the peak in the range 100-170 MeV/c and
the minimum at ~200 MeV/c. This shape is conserved at the variation of the histogram
interval AQ) in the range 15-40 MeV/c.

The nuclei $7Li “Be are the lightest ones of the 1p-shell. T has been known that two-
cluster probabilities for them have a high level (~ 0.8-1.0) [21]. In this paper the "Li
micleus and the states of 3H, *He in continuum are described using the potential cluster
model with the Pauli forbidden states formulated in Refs. [19,20]. Previously this model
was successfully used to describe the properties of &7Li, photodisintegration process and
scattering phase data [22,23].

The interaction potential of clusters is written as the sum of the central V| spin-orbit V,,
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and Coulomb V, parts

V(r) = ~Vo(1 + exp[(r — Re)/a])™t, Vio(r) = =Vils ——V(r) (1)
Ty Fine? 3_ 52 < R.
|AGER S 2( m) 7= R (2)
Llze” r> R..

with the parameters taken from Refs. [19,24]

Voo=098.5 MeV, AV=11.5 MeV, R.=1.8 fm, a=0.7 fm,

VU V()0+AV )l+1 V] =(). 010(3+( )l+]) fm?2. (3)
In calculations with this potential we use the bound state wave functions of two allowed states
P3/5(-2.36 MeV, the ground state of "Li), Py/2(-1.59) and six forbidden states Sj/p(-57.4),
81/2(—15.9)7 1)3/2(-34.4), P1/2("32-3)7 D5/2(-13.7), Dg/g(-lll) obtained in Ref. [24]

The important assumption of the relativistic Coulomb dissotiation theories developed
in [17] and |25] (the quantum and scmiclassical versions) is a negligible value of the Coulomb
amplitude compared with nuclear one for impact parameters b < R where the value of R
is of the order of a sum of collision nuclei radii. It is assumed that for these ¥ the nuclear
dissotiation becomes dominant.

The electromagnetic disintegration cross section calculation for “Li to the 3H+-*He chan-
nel was done in the framework of the Bertulani-Baur formalism [5,17] using the multi-
pole expansion of the interaction. The main contribution gives two El-transitions Pyjy —
Siy2, D3j2, Dgja. After the integration of the initial expression for the cross section [5,17]
over angular variables of enissiou particle momenta we obtain

doc 32 (7€ 2y 1 RO
aQ Tm dQ / €2+ (QR )2(12(}”) + 213,1/2(”)(/1 + 72/0)k dk.  (4)

The functions f,, and the radial integrals I ;(k) for dipole transitions are

o0

Ja = E(QR)Kni1(§) — QR (QR)K (&),  T(k) = /Rl,j(k,r)l'{,-(r)rsdr, (5)

0

where J, and K, are the Bessel functions of the different type, I, j are the orbital and total
momenta, F; R;; are the cluster wave functions for the ground state (the binding energy
E; = 2.47 McV) and for continuum. In the integrals I, ; = I a small difference of the Dsjs
dnd Ds/y states is neglected. Without final state iuteraction the radial functions Ry ;(k, )
transform to spherical Bessel functions jj(kr). In the expression (4) Z is the number of
protons in the target nucleus, v is the velocity of “Li, the coefficient ¢; = (761 — Z232)*
(Bu@) = may/(mu +mgz), m; are masses of clusters) deﬁnes the dipole moment of two-cluster
nuclens, additional notations are y = (1—(v/c)?)""/?, £ = (WR)/(yv), w = Fy+(7k)?/(2ften)-
The average values R=5.0 fm, Z==7 (CNO) and R= 8.1 fm. Z=41 (AgBr) were accepted. The
calculated Q-dependence of cross section covering the very narrow interval Q< 50 MeV/c
with the maximum at Q~3.5 MeV/c is shown in Fig.l by the curve C. For the emulsion
(58%CNO and 42%AgBr) the calculated total cross section is 4 mb. The interval Q< 30
MeV/c includes only 6 events. This fact gives a rought estimate of cross section for the
target (Ag,Br) 0c=6/(5.4837-10"cm-2.06-10%2cm 3)=54+2 mb. This value is somewhat less
than calculated one (9.1 mb) for these miclei. The small values of o and the corresponding
Q-interval show the need to consider the nuclear frgmentation.
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Figure 1: Experimental data and theoretical curves showing the cross sections of the Coulomb
(C) and nuclear diffractional (N) disintegration of "Li.

Within the Akhieser-Sitenko formalism [10] developed recently [18] in application to
the diffractional scattering of two-cluster nuclei the cross section is determined by matrix
elements of the combination of the profile functions w(b)

Wa(ba) + wilb) — walba)wi(ly),  wi(b) = 1 — cap(ixi(b)). (6)

The phase shift functions y; for the collision of nuclei with the mass numbers Ay and A,
were calculated in the first order optical limit of the Glauber-Sitenko theory nusing the folding
integral for nuclear form factors Sy, (q) and NN-amplitude [26]

ZX(b) = %ﬂ(l - l/)) / eTp —igb — anq / ) ,(Q)SAI ‘9142([2(]- (7)
The form factors of (a, t)-clusters and nuclei C,N,O were calculated in the oscillator shell
model with the center-of-mass correlation function K(¢). The Fermi single nucleon density
distribution was used for heavy nuclei Ag,Br. Parameters of the oscillator model and Fermi
distribution were inferred by a standard way [27,28] from the root mean square nuclear radii
values [29]: 7,=1.7 fm, 7,=1.67 fm. Teno=2.54 tm, 7p,= 5.1 fin, 74,=5.62 fm. Accepted
values of NN-interaction parameters arc oy—=43.0 mb, p=-0.35, ay=0.242 fm?* [28]. Duc to
a siall difference of w, and w; for a choosed target nucleus we use a half sum of thew as
the equal value of w(b) for (a.t)-clusters. The real and imaginary parts of w(b) are displayea
in Fig.2 for light and heavy nuclei. In Eq. (6) two first terms corresponding to the impulse

approximation gives the main contribution to the cross section

(ng _ A(1+ IO(Q)__“;(Ile(ﬁIQ)—F (—1)" I“(ﬁzQ))zlJ(lolUlLU)z{l 3§2 1{,2}) (8)

where
[ 0] 2 o x
47(Q /w (b)Jo(Qb)bdb| |, Iy(q) = / (gr)Rrdr, T} / (gr)RyRr*dr.  (9)
0 0 0
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Figure 2: The real parts Re(w) (full lines) and imaginary parts Im(w) (dotted lines) of profile
functions.

Eq. (8) was derived using a complete set of states of two-cluster Hamiltonian to avoid the
integration in matrix elements over the relative momenturn in contimmm and to reduce thewm
to matrix elements over all bound (I, j)-states. In Eq. (8) the factors following after term
[7= (21 + 1)(2j + 1) are the Clebsh-Gordon coefficient and 6j-simbol squared. Alternating
contribution to cross section from the third term in Eq. (6) does not exceed 1-2%.

Cross sections doy/d() for the light (C,N,0; o4=31.6 mb) and heavy target-nuclei (Br,
on=>50.6 mb; Ag, 6n5=>56.0 mb) fall within the interval Q< 0.4 GeV/c and have the oscillative
form with intervals along Q which are close to zeros of .J; (QR) where R is of the order of the
profile function Re(w(b)) dimensions. The imaginary parts Iim(w) give small contributions
which arc evident in the minimums of cross sections. It is of intercst to note that the
cross section is proportional to J(QR) in the black nucleus model having a sharp surface.
However we found that this strong absorption model does not describe data since it predicts
many oscillations in a very wide diffractional cone (@) < 2 GeV/e) and gives too large value
ol cross scetion of the order 250 mb. In calculations presented in this work we use the
realistic form of profile functions corresponding to diffuse shape of the nuclear surface. It
predicts two maximums in the cross section for nuclei C,N,O at () ~ 120 280 MeV /¢ with
the ratio of intensities 1:0.34 and four maximums for heavy nuclei Br,Ag at () ~ 70. 170, 270
360 MeV /¢ with the approximate ratio 0.7:1.0:0.5:0.15. The differnt oscillating structure of
cross sections is explained by the large difference of nuclear radii and profile functions. This
pattern of the inelastic coherent, diffraction differs from the elastic one where zero angle peak
is dominating.

The resulting curve of the cross section (N) taking account of the nuclear coutent of
emulsion and experimental data are shown in Fig.1. The nuclear and electromagneic theo-
retical cross sections were normalized by the coefficient k=0.7 to the total experimental cross
section. Fig.1 shows that the observed Q-dependence of the cross section is explained by the
superposition of two diffractional patterns of oscillating forms arising from the "Li interac-
tion with light and hecavy nuclei of nuclear cmulsion. The Q-variable regions responsible for
the Coulomb and nuclear mechanisis are well separated and their interference, disregarded
here, is expected in the narrow interval 0 < () < 50 MeV/c. It should be noted that the
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total cross section calculated oy +0c=44.7 mb is somewhat larger than the experimental one
31+4 mb. It seems plausible that this difference is connected with the plane wave impulse
approximation used for the inital and final nuclear systems [4]. It can not be excluded that
the extent of (a,t)-clusterization in Li is less than unity.

Presented results show that the two-cluster projectile “Li may be used like deuteron as a
probe nucleus to check the theorics of clectromagnetic and diffractional disintegrations and
to extract the information on surface layers of nuclei. It is of interest to investigate the
diffractional patterns of the coherent dissociation of “Li to the (c.l)-channel on pure target
nuclei in a wide range of mass numbers by the counter technique with the higher statistics.

Authors are deeply grateful to A.V. Pisetskaya and L.N. Shesterkina for the great work
on a search of events and microscopic measurements in emulsion. We are very indebted to
Prof. V.G. Neudatchin for the valuable information about investigations of the NPT MSU
theorcetical group on the cluster structure of light nuclei and fruitful discussion of results.
The work was supported by the Russian Foundation for Basic Research, grant 07-02-00871-a.
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PHYSICS OF ELECTROMAGNETIC INTERACTIONS AT ELECTRON ACCELERATOR
OF LEBEDEV PHYSICAL INSTITUTE: CURRENT STATUS AND PROSPECTS

E.G. Bessonov', V.N. Fetisov', L.V. Filkov!, V.G. Kurakin', A.I. Lebedev', AL L’vov',
E.I. Malinovsky', V.A. Petrunkin', G.A. Sokol', V.G. Nedorezov?, B.S. Ishkhanov’,
E.M. Leikin®, V.I. Shvedunov’, A 1. Malakhov*

1 ebedev Physical Institute, Moscow; Institute for Nuclear Research, Moscow; 3Skobeltsin
Institute for Nuclear Physics, MSU, Moscow; *Joint Institute for Nuclear Research, Dubna

1. First electron synchrotrons (S3, S25 and S60) at Lebedev Physical Institute have been
constructed in 1947-1959 under leadership of V.. Veksler soon after his remarkable
discovery of the principle of phase stability (1944). These machines have extensively been
used for studying nuclear photoreactions at E, up to ~250 MeV and for obtaining pioneer data
on photo-disintegration of deuteron and helium-4, meson photoproduction and proton
Compton scattering. In the middle of 1970’s, a newer LPI electron synchrotron S25R (or
synchrotron “Pakhra”) with the maximum energy E¢ ma=1.2 GeV was built in Troitsk, near
Moscow. Among others, pioneer data on pion Compton scattering and eta-mesic nucleus
formation have been obtained at this machine.

Currently S25R continues to work and it provides possibilities for doing further
experiments on eta-meson physics with a high-energy bremsstrahlung photon beam up to
~850 MeV and those on low-energy pion photoproduction with an extracted electron beam
(up to ~600 MeV) and a photon tagging system. Also, works on condensed state physics with
synchrotron radiation (in the vacuum ultraviolet and soft Roentgen range) and a 7-11 MeV
clectron beam of the microtron injector are carried out. A quasi-storage mode of the
synchrotron operation was tested as a regime for producing a smoother synchrotron radiation,
with a duty factor ~1. Other opportunities of the accelerator complex include another
microtron with E:=7-35 MeV used in particular as a driver for Free Electron Laser in the
Theraherz range, and a new 55-MeV microtron which has to start working soon for applied
studies of photonuclear reactions.

Considering an option to build in Troitsk, using an existing infrastructure, a new electron
accelerator like a CW superconducting-RF recirculator with E. ~ 2-3 GeV and the energy-
beam recovering [1], we briefly discuss here some physical goals for such a machine.

2. Till now there are many open problems in the contemporary physics of strong
interactions. Among them:

- a theory of strong interactions at low energies (nonperturbative QCD) is not sufficiently
developed for making first-principle calculations of the main hadron properties and reaction
cross sections. Confinement of color is not proven.

- efficient models replacing the strict theory are also not fully satisfactory. Even effective
degrees of freedom determining hadron properties at medium energies are not fully
established. Valence quarks and gluons, diquarks, gluon tubes are often used in
phenomenology; Goldstone bosons jointly with low-lying vector and axial mesons and, in the
baryon sector, with low-lying baryon resonances (e.g., the Delta) are also often considered as
appropriate degrees of freedom. The very existence of many different models demonstrates
that there are difficulties and ambiguities.

- many baryon states predicted by the quark model are not yet found or identified.
Structure of mesons, especially that of the scalar mesons, is not understood; in particular, their
mixing angles and wave functions (¢g , ggqq ) are not firmly established.
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- exotic states such as gqqq , 999q9q , qqg, gg, dibaryons, etc., which have to exist in
QCD are not yet found; instead, an unexpected (within quark models) rich family of meson

resonances is discovered in the annihilation channel of NN ...

In order to solve the mentioned and many not mentioned here problems, a further
development of both the theory and experiment is clearly needed. New experimental data may
help to make new guesses and to formulate new ideas. Studying electromagnetic processes
with hadrons is a possible and attractive way to obtain such data on the structure of hadrons
that has its own advantages as discussed below.

3. It is worth to say that ion and proton beams as well as electron and secondary particle
beams (inverse Compton photons, bremsstrahlung) compliment each other in nuclear and
particle physics experiments with fixed targets. Nowadays, hadron or nuclear beams are used
to produce and investigate high-density and high-temperature nuclear media — hadron and
quark-gluon plasma in equilibrium and non-equilibrium states. In these reactions, the primary
nuclear object is destroyed, and a new knowledge concerning strong interaction is extracted
from the behavior of the produced substance. On the other side, photon as well as electron
beams are very suitable for precise studying particle structures and composite constitutions
because:

- of a very small size of the probe (<10™¢ cm) that is significantly less than the nucleon radius;
- electrons and photons interact with other objects electromagnetically, and the form of this
interaction is well known from Quantum Electrodynamics and alike;

- perturbation of the object under investigation is weak and for this reason the primary beam
does not fully destroy the object.

4. There are many electromagnetic processes in which various aspects of the structure of
hadrons and nuclei can be investigated. They include electron scattering off nucleons and
nuclei (including deep-inelastic reactions), photo- and electroproduction of mesons, real and
virtual Compton scattering. Structure functions, generalized parton distributions, resonance
excitation amplitudes, transition formfactors, ordinary and generalized polarizabilities, P and
T-odd effects, modification of hadron properties in the nuclear matter, chiral symmetry and its
restoration at high densities can be learnt in these studies.

Such a plenty of processes and observables provides a big space for their parallel studies
at different accelerators in different laboratories. Undoubtedly, many of these problems will
remain
open and newer ones will also arise to the time when the future machine is ready.

Based on our tradition and previous experience, we can plan to continue a research in the
meson-nuclear physics, electromagnetic interaction being the basis for such a research.
Nowadays there are many evidences of the influence of nuclear media on meson properties
[2], and this influence seems to be a good subject for a further research directed to
clarification of many problems in the physics of strong interaction. A direct proof of
changing the meson mass in nuclear media requires specific conditions to be fulfilled [3].
First, specific types of mesons produced by an incident particle in the nucleus have to be
chosen. For such experiments we suggest to select mesons with a narrow width and a
pronounced decay into two photons or two charged particles. In such a case, double
coincidence method provides a confident detection of the decay products during
measurements. Second, the recoilless kinematics has to be selected. In other words, the
velocity of the meson produced by the incident particle must be close to zero in order to
guarantee its decay inside the nucleus. In contrast to meson production in interactions of the
incident beam with free nucleons, the condition of recoilless kinematics can be satisfied in
nucleus approximately only due to the nucleon Fermi motion inside the nucleus. Under such
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kinematical conditions, decay particles are distributed uniformly, and spectrometer position
might be chosen from the lowest background considerations. At last, a target material has to
contain hydrogen atom(s) besides the main element. This allows one to have measurements of
the meson mass in the nucleus media in comparison with that of a free meson. For many
reasons the meson group 1, n', ®, and @ is most suitable for this purpose provided cw electron
as well as photon beams up to 2 GeV are available.

Among fresh and perspective lines of research one can also mention studies of meson-
nucleon interaction in the nuclear matter using some kind of tagging. For example, using an
ordinary tagged photon beam and detecting a knocked-out proton one can produce and
identify in the reaction yp—np inside a nucleus a n-meson with a controlled energy-
momentum. Then one can identify and study interactions of such tagged mesons with other
nucleons in the nucleus, like the reaction nN—KZX which is of a big interest for understanding
the nature of some baryon resonances and for developing dynamical chiral models of the
meson-baryon interaction.

Another perspective line is studies of quasi-bound states of mesons in nuclei, including the
n, ', ®, ¢ mesons.

For investigation of many different reactions and channels, with tagging, with detecting
final particles in coincidence, high-intensity cw accelerators in a few-GeV range with fixed
targets are very suitable. Constructing polarized beams and targets is highly desirable.
Detectors with the 4n-geometry and data acquisition in wide kinematical ranges is also a
necessity.

5. A conceptual design of a cw accelerator in the energy range of a few GeV and the
electron current up to hundreds mA was discussed in the Lebedev Physical Institute and the
Soviet Academy of Science since the beginning of 1980’s. Our contemporary vision of the
project including the use of superconducting rf cavities is described in some detail in [1].

Of course, many of the physical problems outlined above can be solved at existing
accelerators (in Mainz, Bonn, Jefferson lab, etc.). Participance in joint researches in such
centers is at the moment the main way Russian scientists can do (and do!) fundamental
nuclear and particle physics at the appropriate level. Nevertheless, we consider the building
up a new cw electron accelerator vital for several reasons. First of all, this allows to increase
scientific activity in many fields of physics (including applied physics and technology with a
powefull Light Source), to bring the research to a higher scientific level, and to enhance
appropriate technologies. The latter is important because the related scientific environment
did not renew for a long period. Second, this would help us to recruit students at all steps of
the project realization. At last, this will stimulate a development of the rf superconducting
technology that does not actually exist in Russia today.

[11 E.G. Bessonov et al., Superconducting rf electron recirculator for nuclear and particle
physics research as upgrade of the accelerator complex of Lebedev Physical Institute in
Troitsk, contribution to EMIN-2009.

[2] M. Kotulla, nucl-ex/0609012;
D. Trnk et al., Phys. Rev. Lett. 94, 192303 (2005);
R. Nasseripour et al., nucl-ex/07072324;
V. Metag, nucl-ex/0711.4709;
S. Schadmand, nucl-ex/0709.2903;
T. Mertens et al., nucl-ex/0810.2678.

[3] G.A. Sokol, E.M. Leikin, nucl-ex/09021408.



FEYNMAN PROPAGATOR FOR PARTICLE IN MAGNETIC FIELD
Yu. L. Sorokin
Institute for Nuclear Research RAS, 117312 Moscow, Russta.

Feynman ( [1], P.78) had got propagator for particle with mass m and
charge e = Zep in constant homogeneous magnetic field B, z-axis direct:

Gle 3,2, 20,30,70,0) = () Vg explis/m), (1)
5= 2 2 L 9 g (e — w0 4y - 0] + (o — ow)} (2)
2 T 2 2

T=1t—1t>0,w=(eB)/(mc) - cyclotron frequency.

Warning: the formula (3.64), [1], P. 78, hold excess w before embrace.
For correcting had been taken path integrals once more.

Two factors may get from the propagator (1,2): (g and G, - for circular
motion in plane zy and free motion along z-axis.

If in plane zy particle moved at first with velocity v along z-axis, and its
spatial indefiniteness was described with Gauss distribution with dispersion
A and centre in Z, g, it is necessary, in according to [2], to bring in initial wave
function data about velocity, presence magnetic field and angular momentum
relatively reference point.

As result square root from initial Gaussian function got phase:

\110(330, ‘/0) =
B (2o — 22+ (yo — §)?  imozg trmw _ ~
= oA exp| A7 3 + oF (y0Z — zog)],
that, in according to [1], [2], give wave function:
\I}(LC, L ] CB z,y, T, zo, yo, 0)‘1’0(3@07 yg)dlCodyO =
imw wl' (2 — 20)* + (y — %0)? mwWo(zo, yo)dzodyo
/ To—
] expi5p-leto(57) 2 Hyro—ayo) ) — T2
_ mwA
B V27 (ih sin ﬂ + mwA? cos “’TF)
[z — & — 2psin L cos 4L]? + [y g+ 2psin® 4L]2

. e —_—
xp( 4A2? cos? - ‘”7 + 4k sin “F cos 4L /mw

) mw ., ) o W
timuva + T ey — g7) ~ [0 — 2 + (-9 + 20065 D). (D)

It is visible, that centre of distribution move along circle of radius p = v/w
with circular frequency w = eB/mec. Result wave function (3) may be use, for
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example, description move particle in cyclotron and illustration Hall effect,
conform to Quantum mechanics, for example, instead of [3], P. 263. Warning;:
propagator (1,2) and wave function (3) accord to Hamiltonian for exercise
11.1, [3], P. 274, and does not accord Hamiltonians (11.1),P.255, and (11.66),
P.273. [1] had not written Hamiltonian.

At wT < 1 wave function (3) become wave function free move on plane
zy, along z-axis with velocity v.

Free move along z-axis particle with beginning velocity v, describe z -
component of wave function:

A2

[ (z — v, T)? ) mv?T
BT A8 Pl A ATy
R} A2 4(A? + 2L

|- exply(me,s — TE0)) (4)

V(2,T)=

Physical senseis present density function:

(z — v, T)?
AT+ (TR

B(z,T) = {2[( L )2 + A} 2 expf— L)

2mA

Three-dimensional wave function, corresponding to propagator (1,2), is
formed by product (3) and (4). Physical sense is present density function
®(z,7), (5), multiplied ®(z,y,T):

oo wT  K%sin? <L “’7

2_ -1
q)( ' Y, - ) “"l \I}( Ly Y, T) | [271'( 92 + Agmgwg )] )
( [z — & — 2psin %L cos “L|2 + [y — § + 2psin® L 2}
Xp1— =
TP 242 cos? “L + 2(h sin 4L )2 /(mwA)?

It is visible, that after half-turn distribution focus with dispersion ¢ =
L/(mwA)) = hef(ZegBA), smoothing break of a curve in response function
of mass spectrometer [4], P. 105.

Absolute focus is so much the better ( its dispersion ¢ is smaller), then
large was beginning dispersion. For example, L-electrons internal conversion
focus better, then K-electrons, K-electrons internal conversion focus better,
then F-particles, and thermoemission electrons focus more better.

Moreover, so long as cyclotron frequency w inversely mass, dispersion
of focus does not depend on mass. For example, dispersion of semicircular
focus for proton and positron may be equal. In other side, so far as cyclotron
frequency depend on charge, focus actinide fission fragments with Z = 40
may be better in twenty time, then a-particles.

This focus is result Feynman amplitude interference from different path.

Relative focus § = o/p = h/(mvA) does not depend on magnitude
magnetic field. Comparison with experimental relative resolution a-particles
from Bi*'? (kinetic energy W = mov?/2 & 6MeV, § < 0.003 [4], P. 183), give

uncertainty initial location of particle:
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h hc
SN2Wm  6V2Wme?

that almost two order of magnitude large nuclear dimension and correspond
exterior size Coulomb potential barrier at level

~3-10""em,

A > h/mvd =

ZQ(ZBi - 2)62 i Za(ZBi — 2)635\/ 2Wmc?

A e < 0.8MeV.

Last result may be utility for understanding properties of high-spin state,
giant resonance [5] and photoproton reaction [6].
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GIANT RESONANCES ON EXCITED STATES OF NUCLEI
(REVIEW)

B.S. Dolbilkin
Institute for Nuclear Research RAS, Moscow, Russia

1. Introduction

Giant Dipole Resonances (GDR) on ground nuclear states of cold nuclei, which have
represented an excitation of collective vibrations from external oscillating electromagnetic
fields, has intensively been studied, after it were discovered, in photonuclear reactions during
long time after fifties of the last century. For this time GDR parameters at many nuclei and
their systematic were established. However, according Axel-Brink hypothesis, global features
of GDR reflect basic foundations of nuclear forces and does not depend from an excitation
way. Later such GDR was really experimentally found in different reactions on excited states
of nuclei, as single and double pion charge-exchanged ones or reactions with heavy ions [1,
2]. GDR2, excited on known GDR, was firstly measured at (n*,7°) and (n*,7) reactions. Later
GDR, like GDR2, at hot nuclei were investigated in heavy ion reactions. As in cold nuclei
case, multipole giant resonances (MGR) were found in hot ones. Their parameters, such as the
Sum Rules, resonance energies, although with bigger uncertainties, are not strongly different
from GDR in cold nuclei, but width for spherical nuclei in cold ones (~ 4 MeV) is increased
up to ~ 10-12 MeV at excitations ~ 100 MeV or more. Results of these experiments are
described and discussed.

2. Double isovector Giant Dipole Resonances (GDR2)
at(n*,n°) and (n*,n") reactions

A special case is, when the excited state on which the GDR is built — a giant resonance

itself, so called GDR2. It has been experimentally found on ** Nb at single and double pion
charge-exchanged reactions, at LAMPF, using pion spectrometer EPICS[2]. The spectrometer
detected pions in a kinetic energy range 100-300 MeV with energy resolution ~140
KeV(Fig.1).. Three resonances over extrapolated background after its subtraction are seen at
the bottom of the Fig. At a simple model of double charge-exchanged reactions (DCHOR), it
has presented as two consecutive single charge-exchanged reactions (SCHOR), which two
neutrons are changed on two protons in. Since every process strongly excites GDR and 1AS,
therefore they well excite GDR2. GDR2 has a width ~ 8 — 10 MeV, ~ 2 times larger, than
usual GDR, what is close to theoretical estimates with taking in account two-phonon states.
The GDR2 energy is connected with GDR +IAS resonances by a simple equation:

|annJ =3(anmAHQ>IAL

Experimental energies of GDR2 are in a good agreement with it, which gives additional
support for the proper identification of the resonances. The GDR energy for a large interval of
mass numbers 4 is ~ Q =-25 MeV. The GDR2 one is equal two GDR energies:

Qn+z-GDR2) = 2% Q, .. (GDR) ~ [50[ MeV,
what coincides with the GDR2 maximum energy in Fig.1.
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Fig.1. The twice differential cross sections of * Nb(n*,n™) reaction at pion kinetic energy
295 MeV and angles®,,,= 5,10,20 ° in dependence from -Q value. The arrows show energetic

positions of three resonances, observed at experiment [3]. Statistical errors are done. The
smooth background was fitted by polynoms of 3-rd order.Resonances after background
subtraction are shown at the bottom [3]

An additional test for thc GDR?2 identification has been made by measurement of (7,
n+) inverse reaction on the *° Ca target with AT =+2. They both were measured at the same
experimental conditions atf, = 5% and incoming pion energy 295 MeV. The GDR2 peaks

were fitted with a Lorentzian shape of variable width. The fit has given I (GDR2) = 9.0 MeV
for both reactions.. The background was fitted by a third-order polynomial function of the Q-

value. In the reaction * Ca(n*,n")GDR2 has maximum at the energy of ~ 52 MeV and

practically does not depend from 4, since the GDR2 resonance energy is reached by adding
two El vibrational energies and two Coulomb ones to the ground state of target-nucleus. The
first energy decreases with 4, the Coulomb energy increases. So two effects practically cancel
each other [3].

GDR2 and GDRI, built on the isobaric analog state, have different angular distributions.
GDRI1 shows a dipole behavior, whereas GDR2 has a quadrupole distribution. This resonance
is absent on *°Ca (and other self-conjugate nuclei), because no IAS is exist on a 7= 0 nuclei.
A good agreement of experimental results and theoretical calculations is observed, which
supports, that GDR2, built on the ground state GDR, was really found.
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3. Giant resonances-GDR2,GDR,GQR in reactions with heavy ions

Soon after a discovery GDR2 in pion charge-exchanged reactions [2,3], they were also
found in reactions with heavy ions at few experiments, including LAND and TAPS
collaborations in GSI [5,6] (Darmstadt, Germany) .

Identical GR, built on top each other, might be understood as an existence two or
more-phonon oscillator states. In the harmonic approximation their oscillation amplitudes

increase as ~+/n and they are distinct from single GR in hot nuclei. The questions to
multiphonon states are: to which extent the harmonic approximation is valid; nuclei can bear
the collective motion of increasing amplitude; in which way follows a dynamics of spreading
width, especially, since higher-phonon states are embedded into a continuum of non-resonant
states of exponentially increasing level density. The measured cross sections in pion-
exchanged reactions were ~ a few mb. For a GDR2 cross sections, which are up to hundreds
mb, are expected to result from a two-step excitation mechanism, induced by the strong
electromagnetic field, which is due to the high nuclear charge of the interacting ions. Results
for **Xe from LAND collaboration are presented on Fig.2. The aim of the experiments [5,6]
was to make an exclusive measurement of electromagnetic excitations in pheripheral heavy
ion collisions and the subsequent decay process. The apparatus was sooner made to measure
the excitation of projectile.

N
»

Q
1

* GDR 1ph 2ph

g

_:- GQR B. i iv :

Cross Section { mb / MeV )
& 8 8

&
(-3

-] 10 15 20 3™ 30 3% a0 45 XN

Excitation Energy { MeV )
Fig.2. '**Xe projectile excitation on a Pb (squares) and a C (circles) targets. Statistical errors
are shown. Spectrum for the C target is multiplied by a factor 2 for better observation. The
resonance energies for GDR, GDR2 and the isoscalar/ isovector quadrupole resonance are
indicated. The solid curve is the result of calculations for Pb target, including only single-step
electromagnetic excitations

In heavy nuclei such as Xe or Pb GDR decay by neutron emission. For such measurements a
large area (2 x2 m?) detector LAND was made with high neutron efficiency (85-90%) and the
overall resolution ~ 2-4 MeV. It has 200 clements and resolved reactions, involving up to 4
neutrons. The projectiles **Xe had bombarding energy of 700 4 [5] MeV. TAPS is consisted
from 256 BaF, detectors and the FOPI detector system, to not detect nuclear interactions.

The GDR2 in **Xe is scen after of a background subtraction. The quantization of the
harmonic oscillator gives for n-phonon resonance energy E, = nE and E (GDR2) = 2 E
(GDR).
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The relative width I'(GDR2)/T(GDR) from assumption of an independent decay of the two
phonons and a sequential one-phonon excitation was expected to be ~2. The experimental
values however, except for Au, are nearer to a smaller value, ~ 1.5, although data are not

enough for good systematic
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Fig.3.Systematic of the GDR parameter as a function of the excitation energy of the formed
compound system ( and therefore as a function of the angular momentum) for the %1'25n
isotopes [2 and ref. in the Fig.]. From up to down:

- strength in units of the classical sum rule;

- centroid energy,

- width dependence from the excitation energy.

- analogical angular momentum dependence.

After giant resonances (GR) have been found in highly excited nuclei at heavy ion

interactions, for last few years many experiments were made [7,8]. An aim was to use the
nuclear basic collective modes GR for an exploration of the physics of the atomic nucleus,
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when it contains a large amount of thermal energy. The parameters for '®''?Sn isotopes are
shown in Fig.3. In contrast to ground state GDR, properties of GDR in hot nuclei are studied
as a function of not only mass, but also excitation energy and rotational angular momentum J.
From Fig. follows, that the measured GDR strength is strongly reduced at excitation energy
higher of 300 MeV, the width is increased from ~ 5 MeV in the ground state GDR, as a
function of the excitation energy (angular momentum) of the compound nucleus, to ~ 12 MeV
up to ~ 250 MeV and a constant in error limits at energies up to 600 MeV. These peculiarities
are probably connected with a mechanism of collective state excitation in highly excited
quantum system, consisting from a finite number of nucleons. Here some new physics could
be developed. In connection with it, a sensitivity of heavy ions results, studied the GDR and
multi-phonon GDR, is desirable to improve, f.ex. by (y,y) coincidences experiments.

In summary, in reactions with heavy ions GDR and GDR2 were discovered and for a few
A investigated. Farlier hot compound nuclei are considered as chaotic systems. Instead it
regular collective characteristics were found as in cold nuclei. GDR parameters, except
widths, weakly depended from nuclear excitation energy, although their uncertainties are yet
too large.
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PHOTOPROTON REACTION ON °BE NEAR THRESHOLD
N.A. Burkova, K. A. Zhaksybekova, Ch.Z.Kabytayev
Al-Farabi Kazakh National University, Almaty, Kazakhstan

Investigation of photoproton reaction on °Be and comparison with experimental data
are presented. Explanation of the set of resonances near threshold of Be(y,p)®Li reaction is
suggested. Consideration of that process is based on wave functions of multicluster dynamic
model with Pauli projection [1, 2] and formalism of photodisintegration.

The process *Be(y,p)°’Li was investigated in 1962 by experimental group of Clikeman
et al [3]. According to these data the integral cross section near threshold has a pronounced
resonance structure (Fig. 1). '

*Be(y,p)’Li
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Fig. 1. The integral cross section of *Be(y,p)*Li near the threshold [3]
Investigated resonances are marked with the vertical bars

Our objective was to explain that resonance structure by theoretical means, namely we
used wave functions which had been constructed in multicluster dynamic model with Pauli
projection. Furthermore we made some assumptions about order of scattering waves.

The wave function in the 2an-model of *Be nucleus in the ground state with quantum

numbers J",7 = 3 , 1 can be written as:
22
Wi, (;Cvj"ag):(pooo (é:agzaé:s) Dygo (4:4’4:5"56) Z C[]JiZ’l/Zm" Ci.lilll;nx
LM, A dm,m, ( 1 )
XD, (5. 3) Koo' () oo™ () Mo, (1) Koy (M)
Here @,,,(£) is internal WF of o-particles, ,ﬁz 1, Are spin-isospin functions of clusters,
X s Moy, are spin-isospin functions of neutron. F inally £ - is the set of internal Jacobi
y2,m, > A1f2,-1/2

coordinates for a-particles (Fig.2).
Radial function of the clusters relative motion is constructed in the form of the
expansion in the Gaussian basis and can be written in the following

= = caty g By =
@, (%5, 5)= e Y, (He Y, (5) Q)
i
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Cocfficients C; and variable parameters of?, S were extracted from the papers [4,
5].

Fig.2. Jacobi coordianates for *Be in 2 n model

Then we need a “structured” o~particle. Let us construct it for the case of
fragmentation on tritium (5,6,7 nucleons) and proton p (nucleon 8):

d)ooo(éa‘iagi) :(DOOO(CE}’é)'NOO(é)é)'f(q e—mnég}{)o(ggﬁ) (3)

n=1

Wave function in cluster channel “Li isotope + c¢” (where c is light fragment) is
factorized on internal wave functions of corresponding lithium isotopes and separable cluster
(proton in our case), and can be written in the following:

\ijjascmc (ﬁ’ ﬁ; f) (4)

where £ - is coordinates of internal WF of « -particle and tritium (Fig. 2); relative
coordinates p u 7 are defined for *Lip channel in correspondence with Figure 3:

{p,7}={R.. R, } (5)

o R 7

Fig. 3. Set of Jacobi coordinates for 8Lip cluster channel

In order to obtain the wave function of "Li+c" relative motion it is necessary to

calculate following integral W, ™" (R) = (‘P]mrsb_mv (P, 71, E )I‘P s G 3, )> :

Finally for the wave function of relative motion we obtain:
. _ SL j)[L123)2
PR (R = Iy CYAE T ‘ . PX
jm],scmc( ) ch;l:’g( ) S Jm, S Km, H_S_‘,SL s Sc 1/2 S K L
xY,, (€%) 132 71 (B)

According to the paper [3] the *Be( 4 ,p)’Li process in low energies E ,=18-20 MeV has
a pronounced resonance structure. Especially we are interested in resonances with energies

E, (E.m): 18,44 (1,56), 18,82 (1,93) 19,07 (2,18) MeV (Fig. 1).
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The first our assumption is that resonance structure corresponds to resonances in p-
waves (L=1) near the threshold. But we have shown that it is impossible to find a fit between
parameters of Woods-Saxon potential and scattering phase.

The second assumption was more successful. Resonance structure corresponds to
resonances in d-wave (L=2). The fit between parameters of Woods-Saxon potential and
scattering phase of d-wave was successfully found (a=0,4; Vo=124.,4; 121,7; 126,2).

Results of our calculations of integral cross-section for *Be( ¥ ,p)*Li process at energies

E =18-20 MeV are shown in Fig. 4:
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Fig. 4. Calculations of integral cross-section for “Be( ¥ .p)’Li process
at energies [, =18-20 MeV

Vertical black lines correspond to experimental resonance values

Investigation of of “Be(y,p)’Li process in the frame of the multicluster dynamical
model with Pauli projection allows to conclude: Resonance structure of *Be(y,p)’Li process
near threshold is caused by resonant d-wave (L=2). El-transition leads to resonant d-wave
and process of photoproton emission 9Bc(y,p)gLi in the region of low energies caused by
combination of two transitions: in the first one (y, po) ®Li nucleus is in the ground state, in the
second one *Li nucleus is in the first excited state.

Further research of “Be(y,p)’Li can be important due to huge applications of
Beryllium as a strategic material.
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