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The charge exchange reaction Mg (¢, He) was investigated in an experiment
using a streamer chamber. The branching ratios of the reaction chznnels
(topologies) were obtained. The experimental momentum spectrum for pior s was
compared with the calculated one, and only §09% of pions were shown to be
emitted by the delta isobars produced on a quasi-free nucleon in the arget
nucleus. It was also found that the mass of delta incorporated in the nuclei s was
reduced by 30—50 MeV in comparison with a free delta.

The investigation has been performed at the Laboratory of High Energies,
JINR.



[TuoF HBE CEKTPH B peakMi nepe3apsaaku saep Mg, 3He)

C.A.\BpaMeHKO  1p.

Peixung nepeaapsnku Mg(t,’He) WUCCNENOBAHA B CTPHMEPHON KaMepe.
Onpepenenbl COOTHOLIEHHS BEPOSTHOCTEN KAHANOB peakuHi (TONONOTHH).
JKCnEe PUMEHTANbHBIM HMNY/ILCHBIN CNEKTP MHOHOB CPABHHUBAJICS € PACUETHbI-
MH, Y10 NOZBOAKNO YCTAHOBHTL, YTO TOALKO SO % NHOHOB MOTYT ObITh poXae-
Hbl pH 8036y xaeHun nenbta-u3obapbl Ha KkBa3MCBOGOAHOM HyKNOHE B sApe
MULE) M. BhSCHUNOCh TAKXKE, YTO Macca CBR3aHHON B SAPe AenbTa-uaobapbl
Ha 30--50 M3aB menblue Macchl ceobonnoit naobapoi.

Paijora ssinonnena s Jlaboparoprm ssicokmnx aneprmit OMSIH.

Numerous investigations of the inclusive cross sections in charge
exchange r:actions (3He, 1) at various energies and targets have shown
{1,2] a significant role of isobar excitation in the process. It was also
observed that the A peak in the ¢ energy spectrum was broader and shifted
towards a high energy region in the case of nuclear targets as compared with
charge exchange on hydrogen. Collective effects like deexcitation of delta
via the nonmesonic channel [3,4] AN - NN or coherent pion production
[5,6,7] in the target nucleus, suggested as well as the excitation of the
isobar in the projectile nucleus [8 ], were discussed to explain the observed
features.

To finc. out the predicted channels, the charged particles produced in
the charge exchange reactions were registered and measured by large
acceptance spectrometers in KEK [9], Dubna [10,11) and Saturne [12])
experiments. In this way significant information about the role of collective
effects like nonmesonic discharge of the delta isobar AN - NN was
obtained. The coherent pion production observed in the recent experiment
(13 ] has confirmed that the approach is fruitful.

However, for a clear theoretical interpretation of the charge exchange
reactions and delta interactions in nuclei, it is necessary to find out all
involved pracesses and to measure the branching ratios of these processes.
Our experinent was devoted mainly to this problem because the streamer
chamber is really a 47 detector and the corrections due to the efficiency of
trigger anc chamber sensitivity are quite small. Therefore the reaction
channels cin be specified according to the number of produced charged
particles with a subsequent detailed analysis of the channels. Particularly in
this work the pions produced via delta excitation in the target nucleus were
searched and the energy of nondelta pions was shown to be rather high. In
other words, the analysis was devoted to the investigation of the channel
with a single pion where the delta dominance was expected and a large
nondelta fraction was rather a surprise.
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The experiment was performed using the GIBS spectrometcr facility in
a9 GeV/c tritium beam. The details of the experiment were discassed in the
previous papers [10,11]. Here we would like to remind of a short list of the
event measuring accuracy available in the analysis. The momenta of
secondary charged particles were measured for all the events. The typical

. o, 3 H o,
measuring accuracy of momentum was 2—3%, for “He nuclei and 1—29, for

i~ and protons. The angles were measured with an error equal approxima-

tely to a few milliradians.
All positive secondary particles were regarded as protons, and negative

particles, asaz . The admixture of electrons (positrons) from y conversion in
the target did not exceed a few per cent of the total number of charged
particles produced in the reaction. Nevertheless, almost all these leptons
were excluded from the analysis because they were identified by ionization.
Naturally, there was no doubt to identify the 3He track: besides the
ionization criterion, the 3He momentum should be inside the specified band
quite different from that expected for possible background tracl:s of p or d.
The *He trajectories were extrapolated to the position of the trigger counters
to check whether the chamber was triggered by the measured nicleus.

The total number of the identified and analyzed ‘events was. 1861. The

numbers (N_) of #~ and (N_) of protons produced in the interaction were

used to specify different channels of the reaction. Quasi-elastic interactions
are not the subject of this experiment therefore the data from [3,14 ) were
used to estimate (see also [l1] the fraction of quasi-elastic charge
exchanges (0.12+0.01 of the total number of events) and to reduce the
number of events in the group (N_ = 0, N = 0) by 223. The reduced total

number, 1638, was used to normalize the topological crois sections
presented in the Table. (The cross sections of
charge exchange reactions were presented in

. Tabl her i
our previous paper [11].) 1t should be noted able of the r ormalized

topological cross seclions:

that small corrections like absorption of slow R — fraction of events with
protons in the targel were not taken into specified topology (N_, N, )
account in the Table.

One can see in the Table that the channel N_ N, R
(1,0) is the most intensive and the only one 0 0 0.32+0.015
that can be praFtically observed .in the case of ) 0.38+0.016
delta production on .a quasn-free. target ) | 0.089+0.008
nucleon. Now there is a natural idea to
calculate the momentum spectrum for pions 0 ! 0.14=0.01
produced by deexcitation of delta and to 0 2 0035+0.005
compare the calculated distribution with the other 0.036
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Figs.1a and 1 b. Deita production model test. Points o in (a) and
(b) calculated for two beam momentum values; * — experimental
data [16]. The calculated spectra normalized at the maximum
value. Q — energy, transferred to the target

experimental one. Our calculation is based on the assumption that delta
production on the free and quasi-free nucleon should be similar and the

same model can be used as in the case of NN interactions.
At first ve had to check the model and calculation procedure itself by

comparing with the experimental data. To describe delta production in NN
interactions, we have used the same formulae and parameters as Jackson
{151
B wgl'(w) .
- 2 2,2 22 ’
0,898n {(w” — w)® + wl(w) |
8

W(w)
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Fig.2. Pion longitudinal momentum calculated for the delta production on: a free nucleon
(#1); a quasi-free target nucleon (#2)

3
M) = Fo(f&) f(%‘ p@) = lamy + ¢ 17

a=22; Iy= 123 MeV; wy = 1232 MeV.

These formulae provide the distribution W(w) of delta mass w ind, sub-
sequently, pion momentum g in the A frame. Figures la and 1b show that
the model is good enough to describe the experimental data [10 ] for the

charge exchange reaction on hydrogen target p(sHe, t) at different
projectile energies. It should be also emphasized that in our experiment the
beam energy was intermediate (9.15 GeV/¢) in comparison with these two
reference energies [16 ]. The same form factor was used here as ir. {16,17].

The next step in the calculation process was the introduction of nuclear
(target) medium effects. One should expect a serious problem how to choose
the distribution of Fermi momentum and binding energy for a target
nucleon. Figure 2 shows that the pion momentum spectrum is rather
insensitive to this choice. Indeed, one can see that two curves are much alike.
One of them represents the pion longitudinal momentum distribution
calculated in the case of the delta produced on a free nucleon. T ¢ second
curve is for the delta produced on a quasi-free target nuclecn on the

9
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assumption of the Fermi momentum distribution like P2dP over a 0—
—200 MeV/c interval (slightly less than in [18 ]) and a separation energy
equal (O‘Es?p = 20 MeV (evaluated from [19]). If the two curves are very

similar, there cannot be a strong dependence either on the value of Esep or

on the Ferrii momentum parameters. The additional calculation has proved
that the pion momentum spectrum should be independent of the beam
momentum distribution. It is worthy of note that such a projectile
momentum independence was predicted in {8 ) for the delta produced in the
target contrary to delta production in the projectile. Considering the two
peaks in the pion spectrum, it should be noted that they arise from the

angular distribution 1 + 3c0s28 which is essential in the OPE model.

All these tests were performed before the comparison of our
experimental data and the calculated pion spectrum (see Fig.3). It is clear
that only some part of real events can be produced in the process of delta
excitation on a quasi-free target nuclon. In addition, it should be stressed
that a possible improvement of the calculation procedure (more careful
choice of parameters) cannot change this result significantly. Indeed, the
calculated spectrum is centered with the value of A mass, but the left side is

10
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fixed with the experimental spectrum. Moreover, to improve the I:ft-side fit
we had to reduce the delta mass by 40 MeV in comparison with the free
delta. But if the delta mass decreases then the width of the pion momentum
distribution becomes slightly narrow. (The reduction of the celta mass
approximately by the same value of 30 MeV was observed in tt e Saturne
{12]and KEK [9] experiments.)

Finally, we have obtained that 509, of the events are beyondi the delta
isobar spectrum, see Fig.3. The momentum distribution of thes¢: nondelta
pions is reproduced in Fig.4. Here the mean value of loagitudinal

momentum ( P,f ) = 360 MeV/c is substantially higher than for d::lta pions,

where ( Pﬂl) = 90 MeV /c.
The topological cross sections of the charge exchange reaction

Mg(t, 3He) were measured in real 47 geometry when minimum corrections
for the branching ratios were needed.

The longitudinal momenta of pions were analyzed and it was settled
that only 350% of the pions observed in the reaction

t+ Mg- 3He + 7~ + ... can be described by the momentum spectrum
calculated in the frame of the model with the delta produced on a quasi-free
target nucleon. The mean momentum for the pions outside the calculated

11



spectrum was much higher than that expected in the case of isobar decay.
The production mechanism of these high energy pions should be
investigated in future analysis and experiments.

There is evidence that the mass of delta isobar embedded in the Mg

nucleus is rec.uced by the value of 30—50 MeV like a binding energy.

We are thankful to F.Gareev, E.Oset, M.Podgoretsky, Yu.Ratis,

E.Strokovsky and L.Strunov for encouraging discussions and fruitful
remarks. This work was supported in part by the Russian Fundamental Re-
search Founcation (93-2-3908).
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DESIGN CONCEPT AND COMPUTER SIMULATION
OF NUCLOTRON BEAM EXTRACTION SYSTEM
WITH A BENT CRYSTAL

A.D.Kovalenko, V.A Mikhailov, A.M.Taratin, E.N.Tsyganov

The scheme of nuclei beam extraction from Nuclotron by means of a bent
crystal has been considered. Different methods for the beam guidance ont) the
crystal were discussed. It is more reasonable to simultaneously use an orbit t ump
and a transverse diffusion of the beam particles. Deflection efficiency o' the
nuclei beam with energy of 6 GeV/u by a bent silicon crystal and their mult turn
extraction from Nuclotron has been studied by computer simulation. It was
shown that with an optimal crystal length the extraction efficiency ma;; be
increased considerably due to multiple passages of particles through the crstal
deflector.

The investigation has been performed at the Laboratory of High Ener jies,
JINR.

KOHUENIHUS U KOMITBIOTEPHOE MOACTMPOBAHNE CHCTEMBI
BHIBOJA Niyuka u3 Hyk/0TpoHa n30rHyTHIM KpPHCTANLIOM

A.J1.KoBancuko, B.A.Muxaiinos, A.M.TapaTuH,
3.H.Unranos

PaccmoTpeHa cxema MCMOJb30BAHWUS M3OTHYTONO KPUCTANNA A8 BbiEORA
NyYKa peasTHUBUCTCKHX siaep na HykoTpona. Jlan aHanna paznnuuusix MeTo-
NI0B HaBeieHHs YacTHL Ha aeduiekTop. [TokazaHa uenecoofpasHOCTb MCROI 30~
BAHKA ONHOBPEMEHHO NOKANBHOMO MCKaXeHWs OpOnTbI M ionepeunon and by-
3MU 4ACTHL. KOMNBIOTEPHBIM MOAENUPOBAHUEM MCCAEN0BAHA 3DEKTUBH( CTh
OTKJIOHEHUS SAEP € 3HepPrven 6 T'IB/HYKAOH M3OTHYTHIM MOHOKPHCTALIOM
KPEMHUS U MHOPOOOOPOTHLINA BbiBOA WX u3 Hyknotpoua. [TokaszaHo, 4to 1ipu
ONTUMANBHON JJIMHE KPUCTAIUIA 2PdEKTUBHOCTL BLIBOAA Ny4Ka MOXYT 6.1Tb
3HAYMTENBHO YBEJIMYEHA 3@ CYET KPATHBIX NPOXOXKACHHUM YACTHLL YEPEI K M-
crannueckuii nediekTop.

Pa6ora seinonxena s Jlabopatopuu BeicOkMX anepruit OUSIH.

1. Introduction

The first beam extraction from a cyclic accelerator by means of a bent
crystal was performed at the Dubna synchrophasotron |1 } and then at the
THEP synchrotron (2 ]. In both the cases the extraction efficiency was small

enough, about 10™#, because the systems used for the beam guidance were

13



not optimal. So, a fast decreasing of the closed orbit radius was used at the
synchrophatotron and the orbit bump at the IHEP synchrotron.

The crystal deflectors have good perspectives of usage for particle
extraction f-om a beam halo at the largest proton and ion colliders SSC,
LHC, RHIC and UNC. The most attractive feature of such an extraction is
that the colliding mode of machine operation is not disturbed, and some
fixed target experiments may be carried out simultaneously. The experi-
mental study of appropriate extraction systems for SSC and LHC are under
investigatio1 now at the Tevatron and the SPS [3,4 ). So, a successful ex-
traction of 20 GeV proton beam from the SPS with a record efficiency of
about 109 was fulfilled recently at CERN [5]. The injection of a white
noise at the deflector plates of the feedback system was used to initiate the
transverse diffusion of particies onto the bent crystal. On the other hand, a
longitudina!l diffusion of beam halo particles onto the crystal was proposed
for the SSC beam extraction [6]. Moreover, a resonance method for
increasing the longitudinal oscillations of beam halo particles without
perturbation of the beam was offered by the authors {7 |.

The exraction efficiency of the beam from a cyclic accelerator P, may

be higher tlian a beam deflection efficiency by a bent crystal due to multiple
passages of the beam particles through the crystal [8,9 1. It occurs when the
crystal length is not large,so S < §, ~and S < S,» where S, is the length

through which the rms angle of multiple scattering becomes equal to the
channeling critical angle 8 oand S o 18 the nuclear interaction length of the

crystal. The first condition determines the growth rate of the beam
divergence due to multiple scattering in the crystal; the second one,
decreasing of the circulating beam intensity.

In this work the analytical estimations and computer simulation of the
nuclei defliction efficiency were fulfilled for JINR Nuclotron, at which the
first results with the beam accelerating have been received recently 10,11 ].
It is necessary to locate the crystal deflector at the azimuth, where the beam
divergence is maximum, and the beam envelope is far from the closed orbit.
That is, near a focusing quadrupole. A necessary angle of deflection by the
crystal is about 50 mrad for Nuclotron to go out a next defocusing quad-
rupole. The cryogenic equipments are the obstacies for the extraction in a
horizontal direction. Therefore, the extraction in a vertical direction is con-
sidered here. Figure 1 shows the scheme for the beam extraction from
Nuclotron The possibilities for the Nuclotron beam guidance onto the
crytal deflector either by means of the closed orbit bump, which may be
created by the existing system of correcting magnets, or as the result of a
transverse diffusion initiated due to a noise injection into the inflector pla-
tes, have been studied by computer simulation. It was shown, that for
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Nuclotron in the case of the maximum particle energy thc¢ extraction
efficiency may be increased considerably due to multiple passages of the
circulating beam particles through the deflector.

2. Beam Deflection Efficiency by a Bent Crystal

. Dependence on w = A/Z. Let us consider according 10 [12] the
change of the main characteristics of particle channeling in a bent crystal in
going from protons to nuclei (Z,4) with the same energy per nucleon E|,

and estimate for Nuclotron the crystal deflector efficiency with it maximum
particle energy. The critical bend radius of the crystal R, at which the

particle channeling is possible yet, is proportional with w
I
R](E)) = wR(E)). 0}

1f the bend is measured in the relative units, r = R/Rc, then a critical angle

of the particle direction with the atomic planes of the crystal for channeling
decreases with w

D E)) = w‘lnﬂi(r; E)). 2

Suppose also that the rms beam divergence is measured in the relitive units,
k= OX/OC, then at the same crystal bend r, the particle capture into the

channeling states does not depend upon w
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1
PL(r, k; E\) = P(r, k; E), 3
and the dechanneling length increases proportionally with w
1
SP(ry ks E)) = S (r, k; E)). 4

So, the beam deflection efficiency by a bent crystal at a required angle
does not depead on w also at the same rand &

i
Pd“’(a; rok; E)) =P (a;r k; E)), ®)

Pl(air, ks E)) = P(rk; E)) expl-a rR /S, (r. ks E))1. (6

By the other v/ords in going from protons to nuclei with the same energy per
nucleon, E,, he crystal efficiency for the beam deflection remains without

changing for the nuclei beam with divergence which is smaller @'/2 times

than for the grotons, and when a curvature of the crystal used is smaller w
times.

2. Optimal dimensions and bend of the crystal deflector. The efficiency
of deflection Dy a bent crystal is maximum for a parallel particie beam. For

this case Fig.’! shows the dependence of the deflection efficiency at the angle

a = §0 mrad for protons, and nuclei of 612 and "°Au'"" with energy 6

GeV/u upon the bend radius of the silicon crystal bent along (110) planes.
It reaches about 20% in a maximum. The corresponding dependences of the
dechanneling lengths are shown in Fig.3. These results were recieved by
computer simulation of the beam passage through the crystal in the frame of
the model with the averaged potential of the bent crystal planes, and with
taking into account the change of the particle transverse energy due to
multiple scat:ering by the crystal electrons and nuclei [13]. The depend-
ences shown for the deflection efficiency differ by the scale of R. They are
close to each >ther when the crystal bend is measured in the relative units r,
that confirms our theoretical conclusions. The crirical radii of the crystal

bend Rf’ eqals 1.16, 2.32 and 2.88 cm for the protons, nuclei C and Au,

respectively. The optimal bend radius of the silicon crystal at which the
beam deflect on efficiency is maximum for the nuclei beam extraction from
Nuclotron is about 20 cm. The corresponding length of the crystal is | cm.
The conisidered deflection efficiencies of nuclei beams are maximum
which may b: recived. In reality, the particle beams have some divergence.
The probabi ity of the particle capture into the channeling regime at the
entrance intc the crystal and their dechanneling lengths decrease when the
beam devergence increases. So, when the beam divergence equals the
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conditions are the same as for Fig.2
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critical chanreling angle 8 o~ thatis close to the value expected for Nuclotron

at the beam guidance onto the crystal by a combination method (see below),
the capture probability P, and the dechanneling length S, decrease two

times. As a r:sult the beam deflection efficiency at the considered angle of
S50 mrad decreases approximately by an order of value.

The space acceptance of the crystal deflector, which is determined by its
transverse dimensions, depends on its bend radius R. The point is that the
perfect siliccn and germanium crystals usually used in the channeling
experiments may be elastically bent up to the definite limit after which they
will be broken. This radius is proportional to the thickness of the crystal
plate t. In tte first experiment there was studied the beam deflection by a
bent crystal, which was fulfiled in Dubna [14], it was shown that for a
silicon crystal bent along (111) planes R, (cm) = 76 X ¢ (mm). So, in our

case for the realization of the optimal bend with R = 20 cm the crystal
thickness has not to be more than 0.3 mm. The deflector width may be
varied. Wher the width is 10 mm it is enough to overlap the beam. However,
it may be profitable to have a more narrow deflector to increase the
distribution ~idth of particles in the vertical coordinate at the entrance into
the deflector due to initial misses at the beam broadening.

So, the optimal dimensions of the silicon deflector for the beam
extraction from Nuclotron are 10x10x0.3 mm. The usage of the crystals with
the length about 2—6 cm is more usual. However, in our case increasing of
the crystal 1zngth up to 2 cm will decrease the deflection efficiency about
three times. Moreover, for nuclei it will decrease considerably the extraction
possibility due to multiple passages through the deflector.

As it was marked, due to multiple passages through the deflector the
extraction e ficiency P, is higher than the deflection efficiency P, for the

beam with the same divergence. The maximum of P . Shifts to a smaller
bend radius to compare with P, 18] It means that the usage of a shorter

crystal is more profitable. However, in our case the crystal length selected
according to the condition that P 4 IS maximum is small enough to decrease it

more.

3. Beain Guidance onto the Crystal

1. Orbit bump. A slow uniform shift of the beam onto the crystal by
means of the closed orbit bump gives possibility for the beam particles to
enter the planar crystal channels with very small angles. However, in this
case «inpac! parameters» are very small too. It means that these particles
will move through the crystal in a narrow surface region. Therefore, they
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the beam from the angular region of the capture into the channelin
states in the bent crystal

will not deflect at the first hits with the deflecfor when thére is an
imperfection of the surface layer or the crystal surface is not parallel with
the considered atomic planes.

Besides, there is another circumstance which appears at the bump
usage. The deflector location near the center of the focusing quadrupole
leads to large troubles with the crystal alignment while it is possible. On the
outher side when it is located outside the quadrupole the growing orbit bump
takes away the beam fast from the angular region of the capture into the
channeling states, that is shown in Fig.4.

Increasing of the betatron oscillations of the beam particles riay be used
for their guidance onto the deflector. It may be made by means of either the
transverse diffusion initiated due to the noise injection on the inflector
plates or the resonance excitation of these particles at the frequencies to
which a rotation frequency f, and the betatron oscillation cne gf, are

multiple.

2. Transverse diffusion. Resonance excitation. The crystal d::flector has
to be located at the distance about 3 cm from the closed orbit tc be not the
obstacle for the beam particles at the injection stage. The rus particle
distance from the closed orbit at the crystal avimuth is
90 = 0.5\/'5;777; = 2.5 mm, when the vertical emittance of the nuclei

accelerated up 1o 6 GeV/u is £, = 2x1078. Assuming that the b:am begins
to touch with the deflector at 3ay, it means that the beam emittance has to be
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Fig.5. Transverse diffusion. The particle distributions in a vertical coordinate at the
entrance into 11e crystal for the different values of the rms angular deviations received at
their passage hrough the inflector o, ., wrad: 1 (@), 2.5 (b), 5 (©). The full crysial

thickness is 0.3 mm

increased sixteen times to beging the extraction process. This beam
broadening leads to the unprofitable increase of the angular divergence of
the particles entering the crystal. The rms deflection angle of the beam
particles at the passage through the inflector plates to have the required
extraction du -ation T may be estimated as

=v—L9 D

So for 7 = 15 it will be necessary to haveo, , = 1.5 urad. The rms voltage

at the inflector plates equals respectively { U ) = 0.6 kV for the nuclei with
energy 6 GeV/uandw = 2.

For the simulation of the beam extraction from the Nuclotron two points
in the accelerator lattice were considered. The inflector is located in the first
point, and the bent crystal in the second one near the defocusing quadrupole
through the superperiod from the inflector. The initial beam distribution is
given at the bent crystal position. It is generated according to Gaussian with
the rms deviations the values of which are determined by the beam
emittance. Tvo transfer matrices are used to transport the particles from the
bent crystal to the inflector and back. When the particles pass through the
inflector plates they acquire the chance angular deflections in a vertical
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Fig.6. Resonance excitation. The particle distributions in a vertical coordinate at the
entrance into the crystal. For the different angular deflections of the particles in he inflector
8,, urad: 5 (a), 10 (b). The period of the perturbationsis T, = 20 7,

direction. It causes their diffusion, and they begin to hit the crystal
deflector.

Figure 5 shows the particle distributions in the vertical coordinate at the
entrance into the crystal. They were calculated for the different values of the
rms angular deviations received at the particle passages tlrough the
inflector. When o, , = 5 urad the distribution width approximately equals

the deflector thickness. With decreasing the noise value the width decreases.

The corresponding distributions when the resonance excitation of the
beam particles was used are shown in Fig.6. The particle deflections in a
vertical direction with the values of 5 urad (a) 10 urad (b) were realized at
their passage of the inflector with the period T, = 20 T,. It was considered

here with a vertical betatron tune g, = 6.85. The distributions have a bell-

shape and are more narrow than in the case of the transverse diffusion with
the same value of the rms angular deflections. Besides, the requir::d time for
the beam ejection onto the crystal is considerably smaller.

3. The combination method for the beam guidance. The multiturn beam
extraction. So, the orbit bump takes away the beam from the angular region
of the capture into the channeling states; on the other band, the beam
broadening during the transverse diffusion decreases the deflection
efficiency. Therefore, it will be more optimal to decrease the distance be-
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tween the bezm and the deflector by means of the bump up to the touching
at 3o ,,, that is about 7 mm, and only then to throw the beam particles onto

the deflector due to the transverse diffusion or the resonance excitation.
Assuming; the usage of this method for the beam guidance onto the
crystal the computer simulation of the Nuclotron beam extraction was
fulfiled. The silicon crystal bent along (110) planes with the bending angle
of 50 mrad has the optimal dimensions. The noise generator of the inflector
begins to work when the beam approaches the crystal at the distance of 7 mm
by means of the orbit bump. Some particles which enter the crystal may be
lost due to the inelastic nuclear interactions, The mean path before the

A% In the
silicon it equals 45.5, 7.8 and 1.07 cm for protons, nuclei C and Au

accordingly. The density of the other particle depends on the angle Y’,
which they have after the crystal passage. When Y' >a — 8

interactions for nuclei in the crystal S,, is proportional to

col® where a is

the bending angle, Gml = 100 urad is a collimation angle, the particle will be

extracted frcm the accelerator. The particles are lost downstream at the wall
of the beam pipe when 6 <Y <a — 8., Where 6, =10 mrad is the

angular acceptance of Nuclotron. Otherwise the particles remain in the
circulating beam.

-
-
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=
-
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-
-

Number of extracted particles
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49 2e 40

Number of passages

Fig.7. The distributions of the extracted particles in the number of passage through the
g;ysulxl_’before the extraction for the nuclei with energy 6 GeV/u: (a) — °c', (b —
Au'®
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The calculated extraction efficiency is more than 79, for nuclei of 6c12
and 49, for 19Au'. The distributions of the extracted particles in the
number of passages through the crystal before the extraction ure shown in
Fig.7 for nuclei C (a) and Au (b). The contribution of multiple passages
increases significantly the extraction efficiency, which for the first hits with
the crystal is only about 39 for both cases. The passage multiplicity is
higher for nuclei of C, where it achieves 20, because the particl: loss due to
the nuclear interactions in the crystal is smaller for C than lor Au. It is
necessary to mark here that the extraction possibility due to multiple
passages through the deflector may be considerably smaller for ions
comparison with nuclei because their charge states may change at the first
passage, and they may be lost from the circulating beam.
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ISOTOPIC LIFTING OF SU(2)-SYMMETRY
WITH APPLICATIONS TO NUCLEAR PHYSICS'

R.M.Santilli"
‘We ntroduce the axiom-preservirlg, nonlinear, nonlocal and noncanonical
isotopie:;/ Q-operator deformations SUQ(2) of the SU(2)-symmetry; construct

their iscrepresentations; and prove their lack of unitary equivalence to conven-
tional representations under the local isomorphism SU Q(Z) = SU(2). We then

apply the theory to the recomstruction of the exact isospin symmetry under
electroniagnetic and weak interactions and to the exact representation of total
magneti: moments for the deuteron and few-body nuclei under the exact isospin
symmety.

H3zoronuueckas SU(2)-cummeTpus
B IPAMEHEHHH K AICPHOU (PH3NKE

P.M.CanTwiin
BBOJ ATCH AKCHOMOCOXPAHSIOIMECS, HEJHUHENUHDIE, HENOKANILHBIE M HEKa-
HOHMue kue uzotonuueckn/Q-oneparopubie pedopmauun SU Q(2) SU(2)-

CHMMMET JMH; CO3ARIOTCH MX M30MPE/ICTaBIEHHUS; U JI0Ka3bIBAETCS HEAOCTATOK B
HUX eI HOM IKBUBANIEHTHOCTH OOILENPHUHSATBIM PEACTABAEHUIM B JJOKAJTbHOM
H30MOpiprame Su Q(Z) =~ SU(2). Teopus 3aTeM NPUMEHAETCH K BOCCO3AAHMIO

TOYHOM M30CTIMHOBOM CUMMETPHH B S1EKTPOMArHUTHDIX H C1a6bbIx B3anMope-
CTBHSX 41 K TOYHOMY NMPEACTABJECHHIO BCEX MATHUTHBIX MOMEHTOB JEHTPOHA M
MAaJIOHY (JIOHHOM CHCTEMBI B TOUHOM M30CTMHOBOM CHMMETPHH.

1. Statement of the Problem

It is gencrally assumed that the SU(2)-spin symmetry (see, e.g., [1]
can solely characterize the familiar eigenvalues j(j+1) and

m,j=0,%, om=jj-=1,..,"J

In this note we shall show that the isotopic/Q-operator deformation of
SU(2), herein denoted SU Q(Z), while being locally isomorphic to SU(2), can

characterize the more general eigenvalues

"The article: is suggested for discussion.
2The Institute for Basic Research, Box 1477, Palm Harbor, FL 34682, USA,
Fax:1-81.3-934 9275, E-mail:ibrrms@pinet.aip.org.
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I s A U @)+ 11, Ty [B)m, (.1

and others, where jand m have conventional values and f(A) is a real valued,
positive-definite function of A = detQ such that f(1) = 1.
For the two-dimensional case, the condition d:tQ =1 for

Q = diag(g, |, &,,) is realized by g,, = ggzl = A. This implies the preserva-
tion of the conventional value % of the spin, but the appeara 1ce of a non-
trivial generalization of Pauli’s matrices, herein called isopculi matrices,
with an explicit realization of the «hidden variable» A in the stiructure of the

spin -;- itself.

As a first application, we construct the isotopies of the conventional
isospin (see, e.g., [2,3 ) and show that they permit the reconstruction of an
exact SU(2)-isospin symmetry under electromagnetic and wealk interactions
because protons and neutrons acquire equal masses in th: underlying
isospace.

It should be noted that the isotopic lifting SU(2) = SU (2) can be inter-

preted as an application of the so-called g-deformations [4 ]. although in
their isotopic axiomatic formulation for the most general possible, integro-
differential operator Q [S]. -

In the recent note [6 ] we have presented the isotopies of Jirac’s equa-
tion and shown their capability to provide a numerical representation of the
magnetic moment of few-body nuclei. As a second application, in this note
we re-inspect this result under an exact isospin symmetry realized with the
same magnitude of the magnetic moments of protons and neutrons in
isospace. Additional applications in nuclear physics, such as for the intro-
duction of a small nonlocal-nonhamiltonian term in the nuclear force, will be
presented elsewhere.

2. Isotopies of SU(2)-Symmetry

The understanding of this note requires a knowledge of: thie nonlinear-
nonlocal-noncanonical, axiom-preserving isotopies of Lie’s tneory, origi-
nally introduced in [7] (see the recent review [8 ] and general presentation
{9 D; the 1sotopxes 0(3) of the rotational symmetry O(3) subm tted in [10];
the isotopies 0(3 1) of the Lorentz symmetry O(3.1) submitted in [11 ]; and
the isotopies of quantum mechanics (QM), called hadronic mechanics
[HM ], originally submitted in {12 ] and then elaborated by various authors
(see recent studies [5,8,13 ] and monographs [14 ]).
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The fundamental notion is the isotopy of the unit of the theory consi-
dered [5—14 ], in this case, the generalization of the conventional trivial
unit / = diag (1, 1) of SU(2) into the most general possible, two-dimensio-
nal matrix fpreserving the original axioms of / (smoothness, boundedness,
nonsingulari y, Hermicity and positive-definiteness) as a necessary condi-
tion for isoto»y,

I=diag(1, 1)>0=T=1t, 2,7z zy, v}, oy, op’,..)> 00 @D

The isotopy of the unit then demands, for consistency, a corresponding,
compatible lifting of all associative products AB among generic QM quan-
tities A, B, into the isoproduct

AB=> A* B:= AQB, Q fixed, (2.2)

where the isctopic character of the lifting is established by the preservation
of associativi y,i.e., A* (B * C) (A*B)» C

The assu mption I= Q" then implies that l is the correct left and right
unit of the theory, TeA=AsT= A, in which case Q is called the isotopic
element, and Tis called the isounit. Note the appearance of g-deformations
in their Q-opzrator form at the very foundation of the theory 1S

The isotopies of the unit / = T and of the product AB = A = B then
imply the necessary lifting of all mathematical structures of QM into those
of HM [5—13 ]. Here we mention the lifting of the field of complex numbers
C(x, +, x), with elements ¢, ordinary sum + and multiplication
¢ X ¢ =¢c, into the mfmnely possible isotopies CQ(L +, *), with iso-
complex numbers c= cl conventional sum + and isomultiplication

cp* 02 = LIC'L = (¢ 02)1 (see [16,17 ] for details).

The isotopies of the unit, multiplication and fields then demand, for
mathematica consistency, corresponding compatible isotopies of the basic
carrier space, the two-dimensional complex Euclidean space E(z, z, 4, C)
with familiar metric 8 = diag(l, 1) into the complex two-dimensional iso-
euclidean spcces introduced in [11]

~ ~

EQ(z,E, 9,C):z=(z,2y),
8 =0 =g =diag (g,,, 8,,) = &' >0, (2.3a)
zifgl.j(t, z, z, ...)zj = Elg”zl + 'z'2g22z2 = inv., 2.3b)

where the assumed diagonalization of Q is always possible (although not ne-
cessary) fron its positive-definiteness.
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The isotopic character (as well as novelty) of the generalizati ion is estab-
lished by the fact that, under the joint lifting of the metric d = 5= Q=g

and of the field C=>CQ, I—Q_l, all infinitely possibl: isospaces
(z, z,d C) are locally isomorphic to the original space 1(z,2,0,C)

under the condition of positive-definiteness of the isounit T [11]. In turn,
this evidently sets the foundation for the local isomorphism of the corres-
ponding symmetries.

Note that separation (2.3) is the most general possible nonlinear, non-
local and noncanonical generalization of the original separation z'z under
the sole condmon of remaining positive-definite, i.e., of preserving the topo-
logy sigd = sigd = (+, +). The symmetries of invariant (2.3) are then
expected 1o be nonlinear, nonlocal and noncanonical, as desired.

The preceding isotopies imply, for consistency, the lsoloples of Hilbert
spaces :(y |y ) € Cinto the so-called isohilbert space 0 with isopro-

duct and isonormalization
Toi(Pte)=(v|Q|é)Tely (vty)y=1 @

Then, operators which are Hermitean (observable) for QM r:main Her-
mitean (observable) for HM, as was first proved in [15].

The liftings of the Hilbert space then require corresponding isotopies of
all convemlonal operalions [13,14]. We herc mention isounitarity
D+t =0t U =T lhe isocigenvalue  equations H * L@ ) =
+ HQ )= Es le =E | ¥); the isoexpectation values (A§=
=($104Q|9)/ (¥]Q|¥ ) et

The lifting of the unit, base field and carrier space then 1equire, for
mathematical consistency, the lifting of the entire structure of Lie’s theory,
that is, the isotopies of enveloping associative algebras £, Lie algebras L, Lie
groups G, representation theory, etc. [7—9]. Here we m2ntion the
isoassociative enveloping operator algebras .,F with isoprocuct (2.2);

A * B = AQB the Lie-isotopic algebras LQ with lsoproducl

4, Bl =|A Bl=A+B—-BxA= AQB — BQA; 2.5
%
the (connected) Lie-isotopic groups G of isolinear isounitary traisforms on

Q(z z, 3 C)
= 0w *z2=0w)Qz=DW0(z 2 3 2, 9,91, .0z (2.6a)
U(w) = e‘l"; V= (X0 ] (2.6b)

e
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Uw) » U(w) = U(w') » Uw) = U(W + w'),
U(w) + U(=w) = U(0) = 1, (2.6¢)

where the reformulation in terms of the conventional exponentiation has
been done for simplicity of calculations.
The isounitary U Q(2) symmetry is the most general possible, nonlinear,

nonlocal an.1 noncanonical, simple, Lie-isotopic invariance group of separa-
tion (2.3b) 'vith realization in terms of isounitary operators on 0

st =0t e U=7= o !, 2.7
verifying isctopic laws (2.6).
U(g\) can be decomposed into the connected, special isounitary sym-
metry SUQ(f!) for
det(UQ) = +1, 2.8)

plus a discre te part which is similar to that for O(3) [10] and is here ignored
for brevity. ~
The connected SUQ(Z) components admit the realization in terms of the

generators J , and parameters 6, of SUQ2)

AA

A~ iJ =0 .”\ 64y~
U=He;¢‘ t={ne’tQk}1, 2.9)
k k

under thé ccnditions
ry,Q =0, £=1,23 (2.10)

The isorepresentations of the isotopic algebras sU Q(Z) can be studied by

imposing the t the isocommutation rules have the same structure constants of
SU(2), i.e., {or the rules

N

U I =T Q0 =T QJ, = iey J . Q.11)

with isocasirir N ~

Ji=2 I+
k

>

~

o (2.12)

N

and maximal isocommuting set Ji andJ;asin the conventional case. These
assumptions ensure the local isomorphisms SAU(Z) = SU(2) by construction.
Let | bZ) be the d-dimensional isobasis of S?]Q(Z) with iso-orthogona-

lity conditions
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(B 1«18 ):=(b|Q |8]y=0

By putting as in the conventional case ./l\i = ‘?1 * .72, and by repeating the

i ij=12,..,n (2.13)

same procedure as the familiar one [] ], we have
Tod d) 7y B dgd o
13*|bk)=bk|bk), J *|bk)=bl(bl - 1)|bl),
d=12,.., k=1,2,...d, b = =8, pI67- 1) = B40%+ 1), (2.14)

A consequence is that the dimensions of the isorepresentations of
SUQ(2) remain the conventional ones, i.e., they can be characterized by the

familiar expressionn = 2j + 1, j =0, -é—, 1,...as expected from the isomor-
phism SAUQ(2) = SU(2).

However, the explicit forms of the matrix representations cre different
than the conventional ones, as expressed by the rules

~ 1

Ty =gi 1By eG_=T) 18, 2.152)

ey ] .

Upy=5i |8ye_~T,)«18), (2.15b)
(= (B | «Tys |, (2.150)

under condition (2.10).

The isorepresentations of the desired dimension can then be con-
structed accordingly. In the next section we shall compute the two-dimen-
sional isorepresentations, while those of higher dimensions are studied else-
where {14 ].

A new image of the conventional SU(2)-symmetry is characterized by
our isotopic methods via the antiautomorphic map /7 = diag(1,1) =

= /% = —] called isoduality, first introduced in [10}, which provides a
novel and intriguing characterization of antiparticles [14 ]. The correspon-

ding isodual SAUéi(Z) symmetry will be studied in a separate work.

In summary, our isotopic methods permit the identification of four phy-
sically relevant isotopies of SU(2) which, for the case of isospin, are given
by: the broken conventional SU(2) for the usual treatment of p — n; the
exact isotopic SUQ(2) for the characterization of p — n (see n¢xt section);
the broken isodual SUd(2) symmetry for the characterization of the antipar-
ticles p — nin isodual spaces; and the exact, isodual, isotopic St "é(Z) for the

characterization of antiparticles p — # in isodual isospace.
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The reader may be interested in knowing that, when the positive- (or
negatlve ) definiteness of the isotopic elemnt Q is relaxed, the isotopes
SU(2) unify all three-dimensional simple Lie groups of Cartan classification
over a comples field (of characteristic zero). In fact, we have the compact
isotopes SU(2) SU(2) for g, >0, G,, > 0 and the noncompact isotopes
SU(2) =~ SU'1,1) for g, >0 and 8,5, <0 (see |10] for the corresponding

unification of orthogonal groups over the reals). In this note we consider
only positive -definite isotopic elements Q.

3. Isotcpies of Pauli Matrices

Recall that the conventional Pauli matrices o (see, ¢.g. [2]) verify the

rules g, ajA-— i €iik

algebra SUq(Z) implies the existence of intriguing generalizations of these

I by s k =1, 2, 3. In this section we show that the iso-

familiar matrices.

To have . guiding principle, we recall that [12 ], in general, Lie-isotopic
algebras are 1he image of Lie algebras under nonunitary transformations. In
fact, under ¢ transformation vut = 1, a Lie commutator among generic
matrices A, E, acquires the Lie-isotopic form

U(AB — BA)U' = AQp' - BQ A, (3.1a)

4’ -UAUT B =uBUt, 9= wuh ' = (3.1b)
We lhucfore expecl a first class of fundamental (adjoint)

isorepresentations characterized by the maps Jy = %ok -J, = UJkUT,
|

vut =1, 7>t %/(A), 3/4 - (3/4) £ ), here called regular adjoint

isorepresenta'‘ions of S UQ(2).

An example is readily constructed via Egs. (2.15) resulting in the follo-
wing generalization of Pauli’s matrices here called regular isopauli matrices

é;___A—l/z(O gn) 3=A")2( 0 _igll)
1 ’ ; ;

82 2 +ig, 0
~ —1/2(87 O
N P (3.22)
&)
o, ] 8/ 1=0006,-6Q0, =2 £k o, Q = diag(g, |, 8y, (3.2b)



where A = detQ = g,,8,,>0, with generalized isoecigenvalues for

A 1~

f(8) = 8"*and J, = 29 k=123,
T | B2y = £(1/2)aV? | B2, 3.3a)
S| By = @GIaa|B), i=1,2 (3.3b)

which confirm the «regulam character of the generalization here :onsidered.
The isonormalized isobasis is then given by a simple extension of the con-

ventional basis, | 5) =g /2| ).

Recall that Pauli’s malrlces are essentially unique, in the sense that
their transformations under unitary equivalence do not yield significant
changes in their structure, as well known. The situation is different for the
isopauli matrices, because isorepresentations arc based on various degrees
of freedom which are absent in the conventional SU(2) theory, such as: 1)
infinitely possible isotopic clements Q; 2) formulation of the isoalgebra in
terms of structure functions {7 |; 3) use of an isotopic element fo - the isohil-
bert space different than that of the isoalgebra [13,14]; and othors:

We shall call irregular adjoint isorepresentations of SUQ(2) those with

generalized eigenvalues other than (3.3), e.g., those of type (1.1). A first
example is given by the irregular isopauli matrices

~ 01\ _ A ( 0-i) _
i 10} =% %2 {+i o] T%

~ g22 0 ~
0y = (0 _ g”) =Alo, 3.4)

which verify the isocommutation rules with structure functions
N ~ . N N AN . N ”~
lal,,az, | = 2i O3 lo,., 5. ]=2i Aa,, [03, , a =20 Aa ., 3.5

without evidently altering the local isomorphisms SUQ(Z) = SU(2).
The new isoeigenvalue equations are given by

Tyx|By == Z:?), f‘i*|;;?)=%A(%A+l)|ﬁ?), (3.6)

|
54|

which comfirm the «irregulam character under consideration anc provide an
illustration of Egs.(1.1).
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Yet anot 1er realization of irregular isopauli matrices is given by

-1/2 —1/2 -1
~ ¢ 822 ~,_ 0 —igy ~, &1 0 3.7
o= —1/20 27,7172 »I3= 0 -1 .
&1 8 822

with isocomnutation rules and isoeigenvalues

Wy DIy V=i dy, Wy, =idy, Uy I =iJy,  (3.8a)

) 1
18,7 Ry = %(l + Ai) 8. Gy

Note thit the regular isorepresentations (3.2) are characterized by
structure consfants; while irregular isorepresentations (3.4) and (3.7) are
characterized by structure funcuons Intriguingly, the former generally
occur in the mathematical study of SU (2) to have the local isomorphism

SU (2) SU(2) by construction, as done in Sect.2. However, the latter ge-

nerally occui in physical applications {13,14]. This is due to the fact that
generators are not changed by isotopies [7—9] (recall that they represent
physical quantities). Their embedding in an isotopic algebre then generally
implies the a spearance of the structure functions.

By no means the above two classes exhaust all possible, physically
significant is>representations (in fact, we do not study here for brevity the
isorepresent: tions with, different isotopic elements for the isoenvelope and
isohilbert spice). We therefore introduce a third class under the name of
standard adjoint isorepresentations, which occur when the eigenvalues are
the conventic nal ones, but the algebra is isotopically nontrivial.

ln fact, regular isopauli matrices (3.2) admit the conventional eigen-

value 2 for A = 1. This condition can be verified by putting g, = g22 = A.

We discover in this way the existence of the standard isopauli matrices

~ 0 A. ~ 0 —ll ~ A—l 0
Ul = (A—l 0), 02= (ﬂ_l 0), 03= (0 —A s (39)

which admit all conventional eigenvalues and structure constants,
1, ,“Jj] = ie,.jka, *uz) == —u?, B =@3/418  G.10)

yet exhibit a «hidden variable» A in their very structure. Note however that
the functional dependence of A is left completely unrestricted by the isotopy.
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Thus, A can be an arbitrary, real-valued, nowhere null, nonlin:ar-integral
function, A = A(z, &, 9, p1,..) =T = 0.

Needless to say, irregular isorepresentations also becom e standard
under the condition det g = |. We therefore have the followin;; additional
standard isopauli matrices

~ (01 ~ (0 =) _ o~ a7t o
9 (l 0) =9 0= (+i 0) =0y 93= (0 -1} @.1a)

o (02D (0 —dd o~ 170
o =(_|E ), 02=(a_% 0 ), 03=(0 _A) (31”))

1 A
Isopauli matrices with generalized eigenvalues are useful for interior
structural problems, i.e., the description of a neutron in the core of a neutron
star or, along the same lines, for a hadron constituent. As such, the
applications of the general case of the SUQ(Z) isosymmetry is studied else-

where [18 ).
When studying conventional particles, e.g., those of nucl:ar. physics,
the subclass of SUQ(2) which is physically relevant is the special one with

-

conventional eigenvalues which is studied in the next sections. The image
S‘Z of (3.9) under isoduality, called isodual Pauli matrices, will be studied
elsewhere.

4. Applications to Isospin in Nuclear Physics

As well known [2 ], the conventional SU(2)-isospin symme ry is broken
by electromagnetic and weak interactions. One of the first applications of
our isotopic/Q-operator deformation of SU(2) is to show tha the isospin
symmetry can be reconstructed as exact at the 1sotop1c level namely, there
exist a realization of the underlying isospace EQ(z, z, é C) in which protons

and neutrons have the same mass, although the conventional vz lues of mass
are recovered under isoexpectation values.

The main idea is that the SU(2)-isospin symmetry is broken when reali-
zed in its simplest conceivable form, that via the Lie product AB—BA. How-
ever, when the same symmetry is realized via a lesser trivial pro juct, such as
our Lie-isotopic product AQB—BQA [7], it can be proved to te exact even
under electromagnetic and weak interactions. Actually, the constant Q-mat-
rix acquires the meaning of a suitable average of these interactions.
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The reacder should be aware that, by no means, this is an isolated occur-
rence, because it represents rather general capabilities of the Lie-isotopic
theory referred to as the isotopic reconstruction of exact space-time and in-
ternal symm tries when conventionally broken. For example, the rotational
symmetry his been reconstructed as exact for all infinitely possible ellip-
soidical defcrmations of the sphere [10]; the Lorentz symmetry has been
reconstructed as exact at the isotopic level for all possible signature preser-
ving deform:tions r; = Qn of the Mmkowskl metric (11 ]; etc.

The reconstruction of the exact SUQ(2) isospin symmeltry is so simple

to appear trivial. Consider a twelve-component isostate

¥ = (w (x))

where ¢' (x) andw (x) are solutions of the isodirac equation of note [6 ]

“4.D

which lransfroms isocovariantly under Q(3 I)xSAU .(2) for the particular

subclass with conventional eigenvalues. In this note we study only the
SUQ(2) part without any isominkowskian coordinates, thus restricting our

attention to the isonormalized isostates

’. -1 ~ 0
Iy’p)= (':) 1)’ |¢'n) ( 1)’ (vleW’ Y=1,k=p,n, (4.2)

where Q = diag. (A,47'), T= Q7 '=diag. @ 7', 2).
We then introduce the SUQ(2)~isospin with realization (3.9) admitting

conventional eigenvalues = 5 and 3/4, defined over the isospace
By2.7,8,0),8 = 0o,
We now select such isospace to admit the same masses for the proton

and the neutron. This is readily permitted by the «hidden variable» 4 when
selectedin such a wa?' that

mAT =mA, e, A>=m [m, =0.99862. “4.3)
The mass op:rator is then defined by
-1
o 1 ~ 1 ,- AN m A 0
M= {i A(mp+ m I + 5,1 (m,= m o} = 0 P m A 4.4

n

. ~ - . .
and manifestly represents equal masses m = m ,/1 = m"A in isospace.
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The recovering of conventional masses in our physical space is readily
achieved via the isoeigenvalue expression on an arbitrary isostate

~ A ~ A A m 0 A
M=y = MIQIyY) = Mly) = (OP m )w,), 4.5
n

or, equivalently, via the isoexpectation values
@,10MQIP ) =m,, (4,1QMQIP,)=m,. (4.6)

Similarly, the charge operator can be defined by
A A -1 ’
q=%e(1+a)=(d 0). @7

Thus, the S/UQ(Z) charges on isospace are = ed” ! and q, = (. However,
the charges in our physical space are the conventional ones,

©,100019 ) = ¢, (,10¢Q1%,) =0. (4.8)

The isodual S/\U‘é(2)-isospin characterizes the antiparticle z and n will

be studied elsewhere.

The entire theory of isospin and its applications {2 | can then be lifted in
an isotopic form which remains exact under all interactions [14 ]. This is not
a mere mathematical curiosity, because it implies a necessary isopy of the
nuclear force, e.g., via §UQ(2)-iso(opic exchange mechanism.

These dynamical implications are studied elsewhere. We orly mention
that their physical origin lies in the old hypothesis that nuclear fcrces have a
(very small) nonlocal-nonhamiltonian component due to the overlapping of
the charge distributions of nucleons. The «hidden variable» A here intro-
duced merely provides an average of these novel components of the nuclear
force.

S. Application to Few-Body Nuclear Magnetic Moments

In the recent note {6 | we have shown that the SAUQ(Z) symmetry permits

a direct representation of: 1) the expected nonspherical shapes ol the charge
distribution of nucleons; 2) all their infinitely possible deformaiions due to
external forces; and 3) the consequential alteration of the «intrinsic» mag-
netic moment of protons and neutrons under sufficient conditions.
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These r:sults were then applied in note [6 | to the apparently first, exact
representation of the total magnetic moment of the deuteron and other few-
body nuclei

It is now recommendable to re-examine these results within the context
of the exact isospin symmetry of this note.

Considc¢r nuclei with A even and introduce (A/2)-dimensional isospaces

Ek(z, r’S\, 6‘), 5= Qké, isotopic elements Q= diag. (lk, 1;1), detQ, = 1,
isounits f;= Qk_l, and related §U(2) isosymmetry for isospiné— (the exten-

sion to odd 4 is the same as in QM). As well known (see, e.g., [2,3]), total
nuclear magnetic moments are computed via the familiar expressions

u= g (eh/2m c0) S, gff) = 5.585,

&) = — 3816, ch/2m co= 1, (5.1a)

uB = gL, g =1, gD =0, (5.1b)

In the p-eceding section we selected the «hidden parameter» A to iden-
tify the p and n masses. We here select the A-parameter to render equal the
(magnitude >f the) p—n magnetic moments via the model

,\‘ 1 A 1.- ~AD . -
p= {7, +g)+7A l(gp— g,) 93} = diag. (g A Led, 2

g=1""¢D=—1¢D, @ 10uQIP) =g, k=p,n.  (S2)

A simple isotopic lifting of the conventional QM isospin treatment (see
[14 ] for details), then leads to the following alternative formulation of mo-
del (3.9) of rote [6]

ANM 1w A
Proy = iEk: IXLy +2 (5 Lig* BT%S,0). 5.3

Recall that, in the conventional treatment we have two terms, called sca-
lar and vectcr components, with the latter being dominant over the former.
The dominance of the latter becomes greater under isotopies, and consti-
tutes the sole contribution for L = 0.

Consider now the case of the Deuteron (D) and the experimental value
of its magnetic moment
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o T=0.857, (w,=1). 5.4
As well known, in QM we have the theoretical value
C oM = g,+ g, = 0879, (5.5

which, as such, does not represent value (5.4) exactly, while sigrificant dif-
ferences persist under relativistic, L = 2 and other corrections (L = 1 is pro-
hibited by parity [2,3 ], while many-body techniques are eviden ly inappli-
cable for the deuteron).

In note [,6\] we provided the exact representation of value (5.4) via a
mutation B Hy of the p—n magnetic moments due to a small deformation of

their charge distributions. 1n this note we present the same rest It, but this
time obtained in an isospace with exact isospin symmetry and :qual mag-
nitudes of the p—n magnetic moments in the deuteron, which is achieved for
value, in ﬁ(r, T (’5\, 6)

A’=1g,1/1g,| = 3.816/5.5816 = 0.685, g=0.428.  (5.6)

The use of the HM formalism then yields the isoeigenvalues of (5.3)

ups D = 28T, x 5,00 + 259 = 0.8574. S

This illustrates the possibility of exactly representing y‘l’;‘p as al-eady done

in Sect. 3B of [6], but under the additional condition of having the same
magnitude of the p—n magnetic moments in isospace.
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SOLUTION TO THE ONE-DIMENSIONAL CLUSTER MODEL
A.V.Bakaev*, V.I.LKabanovich*

A one-dimensional lattice gas model is considered, in which in eract
only particles inside a cluster. Exact recursion relations for the partition
function are obtained and solved in the thermodynamic limit. The c uster
size distribution function is determined. Conditions for a thermodynamic
size cluster to coexist with vapor are found.

The Investigation has been performed at the Bogoliubov Laboratory of
Theoretical Physics, JINR.

Pemenne onHOMEpHOI KNACTEPHOM Moae/n

A.B.Bakaes, B.1.Kabanosuu

PaccMoTpena ORHOMEPHAS MOAEAD PELIETONHONO rA3a, B KOTOPO#H B3 IMMO-
REHACTBYIOT TOILKO YACTHLIBI BHYTPH OIHOMO KnacTepd. TTonyueHst TouKI e pe-
KYPCHBHKbIE COOTHOUIEHMS AN CTATHCTHUYECKOR CYMMBI, KOTOPbie pellZibl B
TepMOMHAMHYECKOM npenene. Onpenenena dynkuHus pacnpeaenenns | ame-
pos knactepa. Halnenbl yCAoB1a, NpH KOTOPLIX KAACTEP TEPMOAUHAMM' ECKO-
O PA3MEPa COCYLIECTBYET C NAPOM.

Pa6ota sbinonnena 8 Jlabopatopum reopernueckot dpuankn um. H H.Bo-
romobosa OUSIH.

Let L be a 1D lattice (ring) of V sites each of which either is vacant
or contains a particle. The total number of particles is equal to N. By a
cluster G, we mean a set of k particles on L which constitut« a chain of
nearest nelghbour on L. Let the energy of an arbitrary parti:le configu-

ration be given by
H=Y e(k) n(k), (1)

k

where (k) is the energy of a (;, and n(k) is the number of su:h clusters.

This model belongs to the class of Polymer Models (see [1]) the one in
which we fix only the total number of particles and not the numbers of
clusters of each type. The examples of such models include, in parti-
cular, the nearest-neighbour interaction 1D lattice gas, snd the 1D

*Computing Centre of the Russian Academy of Sciences,
40 Vavilov 8tr., GSP-1, 117333, Moscow, Russia
e-mail: AVB@SMS.CCAS MSK.SU
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version of a hole-induced frustration spin model, in which the spin vari-
ables can be: summed out leading to an effective hole Hamiltonian of the
form (1) (sez [2]).

It is well known that lattice gas type models rapidly decaying pair
interactions: cannot have long-range order at non-zero temperatures;
the models with the potential o 1/x? exhibit a first order transition in
temperatur: (see [3], and [4], [6]), and for stronger interactions, for
instance for the Coulomb potential [6], which is o« x in one dimension,
classical particles condense, or crystallize, at all temperatures. The
simple clus:er model (1) considered in this paper seems to have to do
with both the cases. In particular, for some cluster energies condensa-
tion arises even in one dimension.

The partition function of the system with the interaction (1), laid on
the 1D latti:e £ with free boundary conditions, is given by

Z(V,N)=Y, C(V, N, (nk))) & [N— Y kn(k)]exp(— B, (@)
{n(k)} k=1

where C(V, N, {n(k)}) is the number of particle configurations which
form a giver set {n(k)} of the numbers of clusters:

e, N, o =L=NED 0 v N4 1-F ).
n n(k)! k=1
" k=0

Let us mention that the partition function of the noninteracting
Boltzmann jzas of N =V —-N+1 particles with the discreet spectrum

aB(k)=£(k), k= 1,...,£B(O)=0, differs from (2) only by the &-factor

3

o0

S (N - 2 kir(k)) which can be considered as some artificial non-ideality
k=1
of the Boltzriann gas.
Summing the contributions due to configurations in which the first

site of the chain belongs to C,, £ = 1,..., N, or is empty (k = 0), we obtain

the following: recurrence:
N

Z(V,N)=2 v()Z(V-k-1,N-k), V>N20,

k=0 (4)

Z/(V, V=1,V2=0.
where v(k) = exp(- Pe(k)), k= 1, 2,..., NV, and we put, formally, v(0) = 1.
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For L with periodic boundary conditions we have:
N
Z(V,N)=3 (k+Dv®k)Z(V-k-2,N-k), V2N+2. (5
k=0
Let c(k) be the average number of clusters G, c(k) = (n(k)). It s not hard
to prove that

Z/(V—k—2,N—k)

c(k) = Vu(k) Z V. , k=1,.,N. (6)
N
Using the normalization condition N = Z kc(k), we get
k=
N 1
2 koR)ZV-k-2,N-k)
k=0 N
N =y =P )

Z(k+1)v(k)Zf(V E-2,N-k)

Since Eq. (7) holds for any (V, NN), for the sequence S(j) = Zf(V N -

-2+J,/),j=0,...,N, where V and N are fixed, from Eq. (7) we get the
following recurrence:

SG) = Z ((V N) - ljv(k) SG-k), S0)=1. )
k=1

Thus, to compute ZP(V, N)ande(k), k=1,2,..., N, it will suifice to use

the recurrence (8) only N times, instead of applying Eq. (4) more than

N?%/2 times.

Suppose that the limit v = lim (v(k))l/k exists. For any positive r, the

koo
quantities c(k) are invariant with respect to the transformation

v(k) — v (k) = v(k)r®, Z{V,N) > z}(V, N)=2v, Mmoo
Thus, choosing r = v™! we reduce the model to the case v = 1.

Let us start from the case in which only a number of the first terms
contribute to the sums in Eq. (7). Then, for sufficiently large (V, N), we
have

Zf(V—k—2,N—k) x
Zf(V—2,N) - exp (kB(p'—p))z(l s (10)
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where p and p are the pressure and chemical potential in the limit
V >, N, V=p, respectively. If a < 1/v =1, then the contributions to
the sums :n Eq. (7) decrease exponentially, and in the thermodynamic
limit the density p as a function of the parameter a is given by

Y ko) o
p=—20 , (11)

Y &+ 1)vk) o

k=0
and the average numbers of clusters decrease exponentially,

V() o/

()= (12)

Y k+ vk ot
k=0

Denoting Np = V- N, we can rewrite (12) in the form:

J
€@ __vpol 13)

N B A
z v(k) o
k=0
which gives exactly the occupation numbers of the noninteracting Boltz-
mann gas with the.chemical potential uyg=In o

The function p(a) (11) is a monotone increasing function of o, and

o0

p(0) =0. Ii" the series z kv(k) diverges, then p(1)=1 and for any
k=0

p € (0, 1) Eq. (11) is the equation of state for the cluster model. If, con-

versely, this series converges, then p_=p(1) < 1, and at p > p_ Eq. (11)

has no solution. Thus we have obtained the condition under which the
delta-factor in (2) makes this model essentially different from the non-
interacting’ Boltzmann gas.

Numerical calculations by the recurrence (8) in the case p, <1
demonstrate that S(j) has a maximum at j =Ng = x(p,) (V-N), which
gets sharpar with the increase of (V — N) (the coefficient x(p,) is inde-
pendent of (V, N).

In ord:r to obtain the asymptotical solution to the model with
p > p,, we tpproximate S(j) in the vicinity of its maximum by the follow-

ing expression:
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2
S(Ng +D= S(Ng) exp (— 125} l << Ng. (14)
The quantity
2
A= Z [(V N) 77 - 1]v(k) exp[ %l—f)—) (15)

is the difference between the Lh.s. and r.h.s. of Eq. (8) atj = ?Vg +1, neg-
lecting the contributions due to k& close to N . Choosing the optimal
values ong and D from the conditions A(0) = 0 and A’(0) = 0, we are led
to the equations:
2
S 0,0~ (0}
Ng=(V—N)a—: D=(V-N)————>5—.
0 (oy

N

£
o,=0, (N ,D)EZ k" v(k) exp(-—-—].
k=0 2D

Ifp, < p < 1, then, using Eq. (11) at o = 1 to find the limit of the quantity

(16)

01/ o, we get the asymptotics of the solution to Eq. (16):
N _ p—
&_, 10, D _, (17)

pg'llm cl_pcl V_”‘,V

The function (14) is the asymptotically exact solution to Eq. (8) for
111 < L(V), where L(V) is a function of order of magnitude o(V). Now,
using (14), we find the asymptotically exact solution to Eq. (8):

vWp'V~N)
S(p’V) ~ \/21:DS(N)(V N)————K— pe@,p 18)

IR
k=0
(we assume, for simplicity, that v(k) is sufficiently smooth al. large &).

Let pi()) be the partial densities. According to (6),

pv(,)si%ﬂ= = M) SNV =) : (19)
Y (k+ 1) v(k) SN - k)
k=0

Substituting (14), (17), and (18) into (19), we get the following asymp-
totics for small clusters and macro-clusters, respectively:
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N . (20)
) ~ £ M) j<<N-N,

V o0
Y, kvik)
k=0
N-N_ 2 (21)
pv(NoNg+ I)~-‘—£V mexp(—-ﬁ} I<<N—Ng.

Clearly, the total density for small clusters is equal to Py (17), that is
N g and N - Ng are the average numbers of particles in the vapor and in

the condensate, respectively. The quantity VD describes the fluctuations
of these cuantities. Taking the sum of c(k) over macro-clusters
k=N-N o We see that the condensate consists of exactly one macro-

cluster. The density of the vapor in its volume V-N + N p equals p_, that
is for p > p, the vapor is always a critical gas and all «extra»-particles

are condenced into the macro-cluster.
As an uxample, let us consider the model g(k) =In(k + 1). At high
temperatures 0 < < B, = 2 the system is gaseous at any density. At low

temperatures § > B_the system is gaseous if p < p (P), where

pB=1-72B =3 &P (22)
tB- 1 P

and at p.> ), an equilibrium coexistence of critical vapor and conden-
sate occurs.
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ACCELERATION OF DEUTERONS AT THE UNK

(Proposal)
A.AVasil’ ev »S.B. Vorozhtsov V.P.Dmitrievsky,
E.A. Myae V A, Teplyakov .

In this article possible perspectives of using UNK for accel:rating
multicharged iones with minimal additions and changings in systems of complex
UNK are considered. Deuteron accelerating is proposed as the minimum variant
in which one supposes to reach energy till 1.5 TeV/nuc in one beam.

The investigation has been performed at the Laboratory of Muclear
Problems, JINR.

Yckopenue acititponos 8 YHK ([Ipeanoxenue)

A.A.Bacuabes u ap.

B aauuoi pabore paccMOTPEHbE EPCNEKTHBBI BO3MOXKHOTO HCTIO/b3 )BAHNS
YHK anst ycKOpeHHs MHOT03aPSAHbIX HOHOB C MUHUMAIbHbIMU U3MEHE HUAMHN
M QOMOJIHEHUSAMH B CHCTEMaX KoMIUieKca. B kauecTee MMHHMMAIBHOTO B 1pHaH-
T& B ITOM MJIRHE PACCMATPUBAETCH AEHTPOHHDBIA PEXHM, B KOTOPOM npennona-
raeTcd NOCTUIHYTHL IHEPFHM BILIOTH 10 1,5 ToB/HyKN0H B OAHOM NyuKE .

Pa6ota sbinonxenxa B JlaGopatopuu saepubix npobaem OHSH.

I. Introduction

The acceleration-and-storage complex (UNK) to be built in the
Institute of High Energy Physics (IHEP) is designed for acceleration of

intense proton beams (up to §- 10" particles/pulse) in the synchrotron
mode [! }and for investigations with secondary beams from the¢ fixed target
or with colliding proton-proton beams of energy up to 3 TeV. Totally, the
complex consists of a 30 MeV linear accelerator with rad o-frequency
quadrupole focusing (2], a 1.5 GeV fast-cycling booster synchrotron
(25 Hz) [31, a 70 GeV strong focusing synchrotron and three s ynchrotrons
of the UNK proper with the orbit perimeter 20777.8 m and energy 400 GeV
(600 GeV in the accelerating mode) and 2x3 TeV. The last two accelerators
involve a magnet structure with superconducting elements. Thz first stages

lAlomm Power Ministry of the Russian Federation, Moscow.
ustitute of High Energy Physics, Protvino, Russia.
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envisage construction of a 600 GeV accelerator and later one of the 3 TeV
rings.

The gresent work deals with the possible use of the UNK for
acceleration of multicharged ions with minimum modification of the UNK
systems. Acceleration of multicharged ions was carried out at many high
energy accelerators for investigations in the field of relativistic nuclear
physics. For example, 9 GeV/c deuterium nuclei were accelerated for the
first time ut the JINR synchrophasotron in 1970 (4 ]. Later helium nuclei
were accelerated there as well. In the 1970s, deuterons and a-particles were
also accelerated at CERN, where they used the lSR facﬂlty designed for
colliding proton-proton beams. In 1986—87, '®0 and 325 with energy
200 GeV/nucleon were obtained there at the SPS. Similar research was
carried ou! at the proton synchrotron AGS in Brookhaven (USA) (‘%0 of
energy 15 GeV/nuclein and 8Si of energy 14.6 GeV/nucleon). At present
the growing interest in studying a new state of nuclear matter, which is
quark-gluon plasma, results in construction of facilities for acceleration of
heavy ions to ultrarelativistic energies. We mean the collider RHIC in

Brookhaven, where experimenters will be able to work with particles from

protons of :nergy 250 GeV and luminosity = 103 cm~%s~! to Au of energy

100 GeV/nucleon and luminosity = 2- 102 cm™2%s~!. Besides, the large

hadron col ider (LHC) at CERN is known to allow not only proton-proton

and proton-electron beams but also colliding 208pp, __208pp, peams of
centre-of-mass energy 1312 TeV and luminosity = |- 102 em~%71

From t1e aforesaid, it is clear why there arises interest in extending the
capabilities and modification of the UNK, in construction of which large
material resources are invested. As a maximum, we consider deuteron
acceleration where energy up to 1.5 TeV/nucleon in a beam is supposed to
be attainec. Of great interest is also an investigation into a possibility of
acceleratingg a beam of polarised deuterons. In ref.[5 ] the authors already
touched upon the problem of conserving proton beam polarisation in the
booster syrchrotron U-1.5 and in the proton synchrotron U-70. However,
for a deuteron beam the expected depolarisation effects seem to be less
essential than for a proton beam.

2. General Physical Premises for Transition
to the Deuteron Range

Since all the accelerators of the complex (except the injector linac) are
alternating--gradients synchrotrons, transition to the deuteron range is
determined by physical features of operation of this type of accelerator.
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The main parameters of alternating-gradient synchrotrons are:

2.1. acceleration energy range,

2.2. acceleration frequency range,

2.3. dynamic characteristics and transition energy,

2.4. maximum charge density in a bunch,

2.5. maximum vacuum in a chamber,

2.6. luminosity.

It implies preserving the magnetic structure of the rings and the
maximum induction of the magnetic field.

2.1. Acceleration energy range. The total energy of a particie is

E=V [P*? + E}), W

where E is the rest energy, P is the momentum of the charged particle,

eBk, L
P = ——i%io'. @)

L 4 is the length of a closed orbit, kf = g is the factor of filling (he orbit with

L H
dipoles, R = _i_neg_ p is the ogbit curvature radius in dipoles, B it induction of
the magnetic field in dipoles.
In the relativistic case (£ >> E)) we have

E = Pc. 3

It directly follows from (2) and (3) that the maximum total energy of an
accelerated particle in the given structure of the meagnetic field
(Bmxkf L, = const) is proportional to the charge of a particlz undergoing
acceleration (e), i.e., the proton ring corresponding to the energy 3 TeV will
also hold 3 TeV deuterons.

2.2. Acceleration frequency range. Since the revolution fr:quency on a
closed orbits is

3

r=£ @
e0

the frequency range is only determined by the velocity of an ion (f¢) at
injection and at final energy.

In a non-relativistic case (y = EE~ = 1)
0
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jz\/—'v’!:-, (&)

where W is t1e kinetic energy and m is the mass of a particle. Here and on
the symbol «~» indicates that under the given conditions the proportionality
constants ar¢ the same for protons and deuterons.

At the relativistic energy (y >> 1)

f-1--L 6)

2y2

In this cése the frequency band width is

2 2
Y, —VY, €
of = At —, M
v Ly

wherey,, v, carrespond to the final energy and injection energy.

2.3. Dynamic characteristics and transition energy. Within the single-
particle theory (without allowance for space charge) betatron frequencies
only depend on the magnetic field structure and do not depend on the
charge and m ass of the particle undergoing acceleration in the synchrotron
mode.

The diffecrence occurs in the transition energy, which, at the given

P oL

expansion-co:fficient of closed orbits & = — —.‘-Q, is found from
L, oP

EO
E, =73, ®

i.e., for the given magnetic structure the kinetic energy increases by a factor
of A as compired with protons, where A is the number of nucleons of the
given ion. Taere are several methods of overcoming or elimination of
transition encrgy [6,7,8 ]. It should be considered in each particular case,
which of then is the best.

2.4. Maximum charge density in a bunch. The maximum charge density
in its transverse effect at the fixed length of the closed orbit L, and the

frequency of free oscillations (Q,, Q,) is

3452
_EyF P
e E(z) ’
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where the values of y, 8, P correspond to the energy of injection in the ring,
E,B
P
With the injection energy from the non-relativistic region (y = 1) and
unchanged particle revolution frequency (8, = ﬂp), expression (9) becomes

simpler:

k~ E

» (10)

i.e., the maximum density of a deuteron beam in a bunch will be twice as
large. ‘

For relativistic injection energies (E = Pc¢) and the same magnetic
rigidity (P, = Pp) we obtain

kK~ an

E?

0

which decreases the maximum density of the deuteron beam by a factor of
four. . .
However, it is not always possible to satisfy the condition g, = ﬂp or

P, = Pp. In this case (9) is transformed to

k~—=+ (12)

where B, is induction in dipoles at injection. From (12) a possibility of an

intermediate variant between (10) and (11) follows. Longit dinal effects
under the phase stability, as a rule, do not impose additional limitations on
the beam charge density.

2.5. Maximum vacuum in a chamber. The multiple Couloiub scattering
effects in annular accelerators for protons and deuterons can be compared
by the root-mean-square increase in the amplitude of betatror: oscillations.
At a fixed length of the closed orbit, the same dynamic characteristics
(Qr, Qz) and vacuum for this relation can be written as [9 ]

(®) ~ = (13)

where £ = LV, v is the number of revolutions necessary 10 double the
injection (kinetic) energy, P and 8 are taken at the injection energy.
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If the ¢quality P, = Pp is observed in injection, then at the non-

relativistic cnergy it follows from (13) that (aj) = 2(a§) owing to a

decrease in he deuteron velocity at injection and a decrease in the number
of revolutiors at energy doubling for the same energy gain per revolution.
In a relativistic case with P, = Pp or for non-relativistic energy at

B, = B, atir jection, it directly follows from (13) that ( aZ )=« az ).
Within this model of scattering by residual gas, the distribution over
amplitudes cf betatron oscillations follows the Raleigh law:
a

BV 3N
Fla) = —%—¢ Xa) (14)
(a?)

Thus, for injection with pP,= Pp, only the non-relativistic part of the

complex mu:it be checked for multiple scattering effect in transition from a
proton to a deuteron beam.

2.6. Lunrinosity. One can estimate the luminosity (L) for deuterons
assuming ttat the root-mean-square dimensions of beams at collision
points, revolution frequencies of particles and the number of bunches in a
circulating beam are the same for both variants. In this case we have

L~ N, (15)

where N is the number of particles in a circulating beam.

3. Estimation of Deuteron Mode Parameters

Proceed:ng from the considerations of section 2 we shall estimate
parameters cf UNK operation in the deuteron mode. The results are given in
the table cornpared with the proton variant. For deuterons, there are only
values of those parameters that differ from the proton variant.

The energy of injection into booster was calculated with the given
minimum revolution frequency of prolonsfp = 0.7467 MHz. Thus, the field

induction at injection could be found from (1) and (2). The maximum
number of particles in a circulating beam, determined by the shift of the
frequency o axial free oscillations due to Coulomb repulsion, can be
calculated in accordance with (9) by the formula {10]

5 yd(yj— D) /g

RS R a6
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Table

LINAC Protons Deuterons
Output energy (MeV) 30 60
Current pulse amplitude (mA) 67 76
BOOSTER Protons Deuterons
Final energy (kinetic) (GeV) 1.5 1.05
Intensity in pulse (particles/cycle) 9x10" 1.0x10"?
Circulating current (mA) 425 483
Transition energy (kinetic) (GeV) 2.55 5.096
Magnetic field induction in injection (T) 0.139 0.278
Frequency variation range (MHz) 0.747—2.79 0.747—2.32
U-70 Protons Deuterons
Final energy (kinetic) (GeV) 70 69
Intensity in cycle (particles/cycle) 1.ix10" 1.2x10"
Circulating current (mA) 357 405
Transition energy (total) (GeV) 8.876 17.738
Frequency variation range (MHz) 5.56—6.1 4.66—6.06
UNK-1 and UNK-II (collider mode) Protons Deuterons
C.m.energy (TeV) 2.2 2.19
Full required intensity (particles/cycle) 2.4x10" 6x10'?
Circulating current (mA) 554 139
Luminosity (cm2s™) 1x10*? 6x10%°
Transition energy (GeV) 42 84
UNK-I Protons Deuterons
Maximum energy (GeV) 600 599
collider mode 400 399
Planned intensity (particles/cycle) 6x10"* 1.5x10"
Circulating current (mA) 1385 347
UNK-II Protons Deuterons
Maximum energy (GeV) 3 3
Planned intensity (particles/cycle) 6x10' 1.5x10"
Circulating current (mA) 1385 347
UNK-II and UNK-1II (colllder mode) Protons Deuterons
C.m.energy (TeV) 6 6
Full required intensity (particles/cycle) 2.4x10" 6x10"
Luminosity (cm™-s™" 2.8x10%2 1.7x10%!
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where > and r, are the classical radii of the proton and deuteron. It is

assumed tha' the permissible frequency shift, beam emittance and bunching
factor are the same in both cases. The estimation was done with the energy
of injection i1 the facility. The decisive factor for the beam intensity in the
whole chain of accelerators of the complex (linac, booster, U-70, UNK-I,
UNK-II) is the maximum number of particles attained in U-70 now. Yet,
after the updating of U-70 an almost 5-fold increase in the number of ejected
beam particles is expected. This fact was taken into account in calculation of
deuteron intensities given in the table. It was also assumed that the
efficiencies of acceptance, transmission, re-bunching (U-70) and beam -
extraction are the same for protons and deuterons and have the values
achieved at present.
The inte 15ity of the circulating beam is

eNf
| =—X an

[ q ?

where ¢ is the ratio of the accelerating field frequency frf to the particle

revolution frequency.

As the gi/en magnetic rigidity of the rings (Bp) one determmes the final
energy of accelerators in accordance with (1), the revolution frequency by
(4) and the “ransition energy by (8). A new thing, as compared with the
proton variarit, is the transition energy in the range of UNK-I energies in
acceleration of deuterons. The methods of overcoming the transition energy
were menfior ed in section 2.

The centre-of-mass (c.m) energy of colliding beams was estimated by
the well-known formula {11 }:

E._=c*v {m(z)l + m(2)2 + 2mgy my vo(1 = BB 1 (18)

cm.

where m,,, mg, are the rest masses of particles; B,, B, are taken

algebraically. i.e., with their signs.

The dynamic characteristics of the transverse motion of deuterons
(interval frecuencies, envelopes, etc.) in the accelerating chain from the
booster to UNK-I are fully equivalent to the proton mode characteristics. So,
with the sam= emittance of proton and deuteron beams injected from the
linear accelerator and with the deuteron intensity at which the Coulomb
shift of betatron frequencies is equal to or smaller than for protons, the
transverse emittance of the deuteron beam and the acceptance of the
accelerators cf the complex can surely be matched.
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4. Technical Realization

As seen from the aforesaid, the deuteron mode of the UNK operation is
possible with the existing and planned equipment without essential changes.

The only facility to be built is a linear accelerator for deuterons to inject
them in the booster. As is known, however, while making U-70 into an
injector of the UNK, one intends to increase the injection energy from
30 MeV to 60 MeV [12]. To this end, a new linear accelerator is supposed to
be built. While the new accelerator, one could take into account the
requirements imposed by the deuteron mode and experiencz of IHEP in
designing a heavy-current linear accelerator for deuterons [1Z ].

Besides, it is necessary to allow for a system for ov:rcoming the
transition energy in the UNK-1. The final considerations for selection of its
parameters will be formulated later in the course of elabor-ation of this
proposal.

5. Conclusion

The deuteron mode of acceleration can be regarded as the initial step of
the programme for acceleration of ions heavier than hydrogen at the UNK.

Implementation of this programme will require development of the
necessary ion sources and upgrading of several systems of the complex,
especially the injection section, the beam indication system and some
others. Suitability of this programme and the rate of its impleinentation will
depend of the experiments proposed with allowance for the status of ion
acceleration activity at large accelerating complexes in European centres
and in the USA. We think that it will be undoubtedly useful 10 develop the
relevant techniques and technologies in advance.
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Fragmentation reactions analyzed by means of the projectile fragme:nt sepa-
rator LISE3 at GANIL were exploited to enable the nuclei in the close st neigh-
bourhood of '®Sn to be identified and their decay propenies studied. Prelimi-
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1. Motivation

Studies of doubly-closed-shell and neighbouring nuclei are obviously
important for testing and further development of nuclear models. Such
studies of ruclei far from stability [1 ] have additionally an astrophysical
context. Reliable predictions of nuclear structure and disintegration rates,
especially for the Gamow — Teller (GT) beta decay, are crucial for under-
standing th2 nucleosynthesis scenarios under stellar conditions. In case of
neutron-deficient nuclei these scenarios include the rapid proton-capture
process.

These remarks may be considred as a general motivation for our inte-
rest, and the: interest of several other experimental and theory groups, in the

100G, region. Let us recall that 1005 is the yet unidentified isotope of tin
with a deficit of about 18 neutrons with respect to the line of beta stability. It
is the heaviest Z = N doubly magic nuclear system that one may hope to

reach in experiment (the next one would be '64Pb, presumably well beyond
the proton-drip line). With the shell-model energy gap, that may be here as

high as 6.5 eV, the closed-shell properties of 1005 are expected to be well
pronounced.

The shell model picture of the beta decay in the 1005, region is extremely
simple. This decay is strongly dominated by one channel, the T8y/2™ VEq /o

GT transformation. Hence, interpretation of experimental data can be par-
ticularly unzmbiguous, a very important feature for testing nuclear models
and an insight into the problem of the GT strength quenching.

The lar;e distance of 1005 from the line of stability is reflected in the
decay energy Q. which is predicted to be 7 to 8 MeV. For some of the

neighbouring nuclei, the Qi values should be even higher. A large fraction

of the total GT strength can be observed. Beta-delayed proton emission be-
comes possible. This proton emission is strongly related to the properties of
the GT decay. For odd-A and odd-odd parent nuclei, most of the beta
strength is issociated with the transformation of a &g/, Proton from the

even-even core. The relevant GT transitions lead to multiparticle configu-
rations at high excitation energies. This opens a possibility for emission of
protons witt a detectable yield. In fact, due to law background, measure-
ments of proton spectra can be the best way for an identification and/or GT
decay study of nuclei very far from stability.

The decay of nuclei in the 1005y, region has been investigated in several
experiments on beta decay using the on-line mass-separators at GSI Darm-
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stadt, ISOLDE CERN and LISOL Leuven. However, 1005, he s not been dis-
covered. Progress towards this nucleus using on-line mass-s :parator based
studies is made very difficult by a drastic decrease of the production cross-
section in both spallation and heavy ion fusion-evaporation reactions. The
yield is further reduced by the small overall release efficiency caused by the
short half-lives of investigated nuclei. Obviously, new prodiction methods
and separation techniques have to be tested in order to cross the border line
of known nuclei (see the next section).

Therefore we proposed [2] studies of the nuclei in th: 1005 region
using the fragmentation reactions and LISE3 projectile fraginent separator
at the GANIL facility. It was expected that, relative to earlier experiments,
production yields of the most neutron-deficient nuclides wil . be increased,
and the limit for detectable half-lives will be essentially improved. These
two improvements offer an opportunity to reach 1005, The e pected increa-
se of the production yields is mainly due to the use of 28n as a projectile.
This rare primary beam is developed at GANIL in a close and already very
fruitful collaboration with the Laboratory of Nuclear Reac:ions, JINR at
Dubna.

2. Border Line of Known Nuclei near '°%n

A section of the chart of nuclei near '%8n is displayed in Fig.1. The last
decays with unambiguously measured half-life in the vicinity (Z < 50) of

1905 are those of '%3sn (T, ,,=7T%1.55), 1007, (T,,,=3.5+0.7s) and

%Cd (T, ,,= 9.2+ 0.35).

The proton shell closure at Z = 50 creates a favorite energy conditions
for alpha and proton emission from the ground-state of neutron-deficient
tellurium (Z = 52) and antimony (Z = 51) isotopes, respec ively. Indeed,
an island of alpha emitters above tin has been found experiraentally inclu-

1/2 1/2

ding the lightest one known so far — 106, Recently, the Berkeley group
presented an evidence for the ground-state proton decay of 1955p (4]

3. Experiment

In the experiment performed at GANIL (26 Oct. — 4 Mov., 1993) we
used ''28n*3* beam at 58 MeV/nucleon impinging on a 78 mg/cm? thick
"INj target. The mean intensity of the primary beam was about 130 enA
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Fl‘.l. Niiclides near '°Sn known in June 1993 {2]. At present, one has to add
945ag 214 '°'Sn [3], '%Sb [4] and ‘°2Sn — this work

and it was limited by the data acquisition system. The choice of the nickel
target enhances a transfer-type reaction. This in particular increases in an
important way production of the nuclei with Z > 50. A 9.5 mg/ cm? thick car-
bon foil placed just behind the target decreased a width of the charge state
distribution in this way that about 90%, of all tin isotopes were produced in
the 48+ and 49+ charge states.

The experimental device used to select the exotic nuclei was the LISE3
spectrometer [S ] Briefly described, LISE3 is a doubly achromatic system
providing selection of reaction products following the ratio Av/Q ~ Bp,
where A, Q and v are, respectively, the mass, the ionic charge and the velo-
city of the ions and Bp is the magnetic rigidity of the spectrometer. The Wien
filter placec. at the end of the spectrometer allows for an additional velocity
selection of the reaction products. In order to have a good velocity determi-
nation and to decrease the counting rate we reduced the momuntum accep-
tance of LISE to + 0.19%.
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Fig.2. Schematic view of the experimental set-up

A schematic view of the experimental set-up used in the present study is
shown in Fig.2. All selected nuclei were stopped at the last image point of the
spectrometer in a four-member silicon detector telescope (E1, E2, E3, E4)
providing energy-loss (AE) and total-kinetic-energy (TKE) measurements.
Furthermore, we measured the Bpl and Bp2 values of the dipoles with a
nuclear magnetic resonance probes, and the time-of-flight (TOF) between
the target and the telescope, the start signal being given by the first silicon
detector El, and the stop by the radiofrequency of the last SANIL cyclo-
tron. Two removable silicon detectors DED4 and ED4 and 1wo removable
position-sensitive avalanche counters XY1 and XY2 were used for a fine tu-
ning of reaction products along the LISE spectrometer. Four tig (80—909%,)
germanium detectors and a NE102 plastic scintillator surrounding the final
telescope served for measurements of beta and gamma radiation coming
from the nuclei implanted in the silicon detectors.

4. Data Analysis and Results
The analysis of the experimental data aims at a correct identification of
all nuclei selected by the spectrometer. The atomic number is (determined by

a combination of the energy loss AE and time-of-flight (T'DF) measure-
ments according to the Bethe formula:

z~ \/AE/(ﬂ [593()1)—1). 1)

The determination of Z used to calibrate this formula is done using the
primary beam (Z = 50) and by taking into account cross-checks such as the

non-existence of *Be on the A/Q = 2 line and other equal-A/Q alignments.
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The Z spectrum obtained in the experiment for a tin region in presented in
an upper part of Fig.3.

The chzrge state Q of each isotope can be calculted from the relativistic
formula:

TKE

=3.33-10"3 ,
Q=3.33-10 Bp(y - 1)

2

where the TKE has dimensions of MeV.
The TKE is calculated as a sum of energy losses in each silicon detector.
A very careful energy calibration of E1, E2, E3 and E4 detectors was done

60



z_so
1000.

100, Q=50+
10.

1.

103 104 105 106 107 108 109

Z=50
Q=49+

COUNTS

102 103 104 105 106 107 A

100.

. Z=50 .
10. Q=48+
1 l

101 102 103 104 105 A

Fig.4. Mass distributions for tin isotopes for selected charge stat:s Q at
Bp = 1.98835 Tm

using the primary 281 beam of five different energies. This calibration,
which is valid in the energy region corresponding to the expected TKE for
nuclei around A = 100, takes into account nonlinear effects in the electronic
chains and the silicon detectors themselves.

Once the charge state has been identified, the mass A of :ach nucleus
expressed in a.m.u. can be extracted from the equation:

- B0
A—3.105ﬁy' 3

Since the charge resolution was sufficeintly good (see a lower part of
Fig.3), it was possible to improve the mass resolution by forcing integer
values for Q. These integers were assigned for tin isotopes by putting the
AQ = 0.5 wide windows on the Q = 50+, 49+ and 48+ charg: states. The
resulting mass distributions for selected Q values are shown in Fig.4. In the
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distributicns corresponding to Q = 49+ and Q = 48+, the events from
10281 are clearly visible. It is a first observation of this tin isotope. In the

second of hese distributions, four events due to '%'Sn are present.

The al»ove results were obtained at Bp = 1.98835 Tm which was chosen
after test rneasurements performed at several Bp values, The above spectra
represent statistics obtained after about 30 hours of measurement with a
mean intensity of primary beam of about 80 enA.

The ccmplete data evaluation which includes the analysis of beta-gated
gamma spectra, is in progress.

§. Conclusions

The first GANIL experiment with the N2g, beam, aiming at an identi-

fication and studies of nuclei near looSn, brought promising results and an
important ¢xperience. With this experience, after an upgrading of the expe-
rimental set-up (adding SISSI solenoids right after the CSS2 and a new
dipole magnet at the end of LISE3), there will be a good change to identify

1005, unambiguously and to start the decay spectroscopy in this region of
highly neutron-deficient nuclei.

The ex)erience gained during such studies and the detection equipment
which will be developed will also be used at the Warsaw Heavy-lon Cyclo-
tron Laboratory coming into operation in 1994 and also in the future Radio-
active Nyclcar Beam ISOL-type facility (SPIRAL).
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