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The charge exchange reaction Mg(t, 3He) was investigated in an experiment 
using a streamer chamber. The branching ratios of the reaction ch2nnels 
(topologies) were obtained. The experimental momentum spectrum for pior s was 
compared with the calculated one, and only 50% 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 nuclet 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. 
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num HbiC CDCKTpbl 8 peaKU.HH nepeaapAAKH AACP Mg(t, 3He) 

C.A.AspaMeHKO HAP· 

PeaKUHII nepe38p11AKH Mg(t,
3
He) HccneAOBaHB 8 CTpHMepHOH K&Mepe. 

On pet~ eJICHbl COOTHOIIICHH!I &epO!ITHOCTei\ KBHIIJI08 pe&Kl\HH (TOnOJIOrHH). 

3KcnepHMeHTIIJibHbiH HMnyJibCHbiH CneKTp nHOH08 Cp&BHHBIIJICII C pacqeTHbi­

MH, q10 n03BOJIHJIO YCTBH08HTb, qTO TOJibKO 50% nHOH08 MOryT 6b1Tb po>KAC­

Hbl npH ao36y>KACHHH AeJibT&-H306apbl HB KB83HCao6oAHOM HYKJIOHC 8 11)\pe 

MHillemt. 8bi!ICHHJ10Cb TBK>Ke, qTo MBCCB CBII38HHOH 8 11Ape Ae.JibT&-H306&pb1 

HB 30--50 M38 MeHblllC MBCCbl Cao6oAHOH H306apb1. 

Pa·iOTa 8bmOJIHeHa 8 Jla6opaTOpHH 8b1COKHX :meprni\ OH.siH. 

Numemus investigations of the inclusive cross sections in charge 
exchange r~ctions (3He, t) at various energies and targets have shown 
(1,2) a sianificant role of isobar excitation in the process. It was also 
observed that the~ peak in the t 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) ~N-. 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 fine out the predicted channels, the charged particles produced in 
the charge exchange reactions were registered and measured by large 
acceptaD;ce spectrom~ters in KEK (9), Dubna (1 0, 11 ) and Saturne [ 12) 
experiments. In this way significant information about the role of collective 
effects like nonmesonic discharge of the delta isobar ~ -. N N was 
obtained. The coherent pion production observed in the recent experiment 
(13 J has confirmed that the approach is fruitful. 

Howev1:r, for a clear theoretical interpretation of the charge exchange 
reactions and delta interactions in nuclei, it is necessary to find out all 
involved pl'xesses and to measure the branching ratios of these processes. 
Our experi nent was devoted mainly to this problem because the streamer 
chamber is really a 4.n detector and the corrections due to the efficiency of 
trigger anc chamber sensitivity are quite small. Therefore the reaction 
channels can 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 sin1:le pion where the delta dominance was expected and a large 
nondelta frilction was rather a surprise. 
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The experiment was performed using the GIBS spectrometc:r facility in 
a 9 GeV /c tritium beam. The details of the experiment were discJssed 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 
measuring accuracy of momentum was 2-3% for 3He nuclei and 1-2% for 

n-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, as n-. 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 b) ionization. 
Naturally, there was no doubt to identify the 3He track: besides the 
ionization criterion, the 3He momentum should be inside the sptcified band 
quite different from that expected for possible background tracl;s of p or d. 
The 3He trajectories were extrapolated to the position of the trig1.er counters 
to check whether the chamber was triggered by the measured m deus. 

The total number of the identified and analyzed 'events wa1: 1861. The 

numbers (N _)of n-and (N +)of protons produced in the intenction were 

used to specify different channels of the reaction. Quasi-elastic interactions 
are not the subject of this experiment therefore the data from 13, 14) were 
used to estimate (see also ( 11)) the fraction of quasi-ela>tic 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 
presented in the Table. <The cross sections of 
charge exchange reactions were presented in 
our previous paper ( 11 ).) It should be noted 
that small corrections like absorption of slow 
protons in the target were not taken into 
account in the Table. 

One can see in the Table that the channel 
( 1 ,0> is the most intensive and the only one 
that can be practically observed in the case of 
delta production on a quasi-free target 
nucleon. Now there is a natural idea to 
calculate the momentum spectrum for pions 
produced by deexcitation of delta and to 
compare the calculated distribution with the 
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topological cro:>s sections 

Table or the ~ ormalized 
topological cross sections: 
R - fraction ol events with 
specified topology (N_, N+) 

N - N+ R 

0 0 0.32±0.015 

0 0.38±0.016 

I 0.089±0.008 

0 {).14±0.01 

0 2 0 035±0.005 

other 0.036 
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experimental one. Our calculation is based on the assumption that delta 

production (tn the free and quasi-free nucleon should be similar and the 

same model ~an be used as in the case of NN interactions. 
At first /Ve had to check the model and calculation procedure itself by 

comparing\\ ith the experimental data. To describe delta production in NN 

interactions, we have used the same formulae and parameters as Jackson 

[15): 

w0f(w) . 

W(w) = 0,898n[(w2- w~)2 + w~r\w) ]' 
8 
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Fig.2. Pion longitudinal momentum calculated for the delta production on: a free nucleon 
(#I); a quasi-free target nucleon (#2) 

a= 2.2; r 0 = 123 MeV; w0 = 1232 MeV. 

These formulae provide the distribution W(w) of delta mass w wd, sub­
sequently, pion momentum q in the A frame. Figures 1a and 1b >how that 
the model is good enough to describe the experimental data [l~i I for the 

charge exchange reaction on hydrogen target peHe, t) at different 
projectile energies. It should be also emphasized that in our experiment the 
beam energy was intermediate (9.15 GeV /c) 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 lf 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 1e second 
curve is for the delta produced on a quasi-free target nuclec n on the 
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reduced to 190 MeV. The calculated spectrum was normalized so that It mi&ht not exceed 
the experimental data in any reaion of the spectrum 

assumption of the Fermi momentum distribution like P2dP over a 0-
-200 MeV I c interval (slightly less than in (18 )) and a separation energy 
equal to·Es~p = 20 MeV (evaluated from (19)). If the two curves are very 

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

on the Ferni 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 181 for the delta produced in the 
target con1rary to delta production in the projectile. Considering the two 
peaks in the pion spectrum, it should be noted that they arise from the 

angular di~:tribution 1 + 3cos28 which is essential in the OPE model. 
All ttl ese tests were performed before the comparison of our 

experimental data and the calculated pion spectrum (see Fig.3). It is clear 
that only 1.ome 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 po1 sible 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~ mass, but the left side is 
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Fig.4. The spectrum of nondelta pions obtained by subtraction of the spec1rum (#2) 
(model) from the spectrum (#I) (experiment); see Fig .. 3 

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 wilh the free 
delta. But if the delta mass decreases then the width of the pion momentum 
distribution becomes slightly narrow. <The reduction of the c elta mass 
approximately by the same value of 30 MeV was observed in tt e Saturne 
1121 and KEK 191 experiments.) 

Finally, we have obtained that 50% of the events are beyond the delta 
isobar spectrum, see Fig.3. The momentum distribution of these nondelta 
pions is reproduced in Fig.4. Here the mean value of lo 1gitudinal 

momentum ( P ~) = 360 MeV /cis substantially higher than for ddta pions, 

where ( P ~) = 90 MeV /c. 

The topological cross sections of the charge exchange reaction 

Mg(t, 3He) were measured in rcill 4Jt geometry when minimum orrections 
for the branching ratios were needed. 

The longitudinal momenta of pions were analyzed and it was settled 
that only 50% of the pions observed in the reaction 

t + Mg -+ 
3He + .1t- + ... 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 
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spectrum was much higher than that expected in the case of isobar decay. 
The production mechanism of these high energy pions should be 
investigated irt future analysis and experiments. 

There is evidence that the mass of delta isobar embedded in the Mg 
nucleus is recuced 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. Thi~ 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. Tara tin, 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 mull turn 
extraction from Nuclotron has been studied by computer simulation. It was 
shown that with an optimal crystal length the extraction efficiency maJ be 
increased considerably due to multiple passages of particles through the cr tstal 
deflector. 

The investigation has been performed at the Laboratory af High Ener.~ie~ 
JINR. 

Kouu.enll,HR H KOMDhiOTepuoe MO~e.JIHpoBaHHe CHCTeMhl 
BhiBO~a nytJ:Ka H3 HyKJioTpoua u3oruyThiM KPHCTaJLIIOM 

A.LJ..KoBaneuKo, B.A.MuxaifJIOB, A.M.TapaTHH, 
3.H.l.J,hlraHOB 

PaCCMOTpeHa CXeMa HCIIOJib30BaHHII H30rHyTOro KpHCTaJIJia AJI!I BbiE OAa 
ny'IKa peJIIITHBHCTCKHX !IAep H3 HyKJIOTpoHa. )laH aHaJIH3 paJJIH'IHhiX Mt:TO­
AOB HaBeAeHHII 'laCTHL( Ha AetfmeKTOp. IlOKaaaHa l(eJieC006pa3HOCTb HCIIOJII ,JO­
BaHH!I OAHOBpeMeHHO JIOKaJibHOro HCKa>KeHH!I op6HTbl H nonepe'IHOH AH<i>•~Y-
3HH 'laCTHL(. KOMilbJOTepHblM MOAeJIHpOBaHHeM HCCJieAOBaHa 3<i><!>eKTHBH( CTb 
OTKJIOHeHH!I !IAep C :JHepnteH 6 r3B/HyKJIOH H30rHYTbiM MOHOKpHCTaJI.IOM 
KpeMHHII H MHOroo6opoTHbiH BbiBOA HX H3 HyKJIOTpOHa. IloKa3aHO, 'ITO 1lpH 
OIITHMaJibHOH AJIHHe KpHCTaJIJia 3<j><l>eKTHBH0CTb BbiBOAa ny'!Ka MO>KYT 6 ,JTb 
3HalJHTeJibHO yueJIH'IeHa 3a C'leT KpaTHbiX npOXO>KAeHHH 'laCTHL( '1epe3 K )H­
CTaJIJIH<JeCKHH AetfmeKTop. 

Pa6ora BblllOJJHeHa u Jla6oparopHH BhiCOKHX 3Heprnl1 OIUIH. 

1. Introduction 

The first beam extraction from a cyclic accelerator by means of a bent 
crystal was performed at the Dubna synchrophasotron ( 1 I and then at the 
IHEP synchrotron (2 ). In both the cases the extraction efficiency uas small 

enough, about 10-4, because the systems used for the beam guidance were 
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not optimal. So, a fast decreasing of the closed orbit radius was used at the 
synchropha:;otron 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 sse, 
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 
investigatio 1 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 10% 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 particles onto the bent crystal. On the other hand, a 
longitudinal diffusion of beam halo particles onto the crystal was proposed 
for the SS,: 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 ex traction efficiency of the beam from a cyclic accelerator P ex rna y 

be higher than a beam deflection efficiency by a bent crystal due to multiple 
passages of the beam particles through the crystal (8,9 ). It occurs when the 
crystal len~ th is not large, so S cr < S 

1115 
and S cr < S 

11
, where S ms is the length 

through wltich the rms angle of multiple scattering becomes equal to the 
channeling critical angle 8c, and S

11 
is 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 defl,!Ction efficiency were fulfilled for JINR Nuclotron, at which the 
first result:; 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, nfar a focusing quadrupole. A necessary angle of deflection by the 
crystal is Hbout 50 mrad for Nuclotron to go out a next defocusing quad­
rupole. The cryogenic equipments are the obstacles for the extraction in a 
horizontal direction. Therefore, the extraction in a vertical direction is con­
sidered hue. 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 b) 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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Fig.l. Nuclotron layout with the elements ror the beam 
extraction by means or a bent crystal: inflector, C1, C2 -

correcting coils, bent crystal 

Nuclotron in the case of the maximum particle energy th< extraction 
efficiency may be increased considerably due to multiple pas~.ages of the 
circulating beam particles through the deflector. 

2. Beam Deflection Efficiency by a Bent Crystal 

I. Dependence on w = AI Z. Let us consider according 1 o (12 I the 
change of the main characteristics of particle channeling in a beut crystal in 
going from protons to nuclei (Z,A) with the same energy per uucleon £ 1, 

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

particle channeling is possible yet, is proportional with w 

(I) 

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

of the particle direction with the atomic planes of the crystal for ,:hanneling 
decreases with w 

iJw(r E)= w- 112iJ1(r E) 
c ' I c ' I ' 

(2) 

Suppose also that the rms beam divergence is measured in the relative units, 
k = 8/0,, then at the same crystal bend r, the particle capture into the 

channeling states does not depend upon w 
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Pcw(r, k; E 1) = P~(r, k; E 1), 

and the dechanneling length increases proportionally with w 

s;(r, k; E 1) 5!i wSJ(r, k; E 1). 

(3) 

(4) 

So, the beam deflection efficiency by a bent crystal at a required angle a 
does not depe 1d on w also at the same rand k 

P;(a; r, k; E 1) = P J(a; r, k; E 1), (5) 

P d(a; r, k; E 1) = Pc1(r,k; E1) exp[ -a rRc1 I s/1e(r, k; E 1) ). (6) 

By the other \lOrds in going from protons to nuclei with the same energy per 
nucleon, E 1, he crystal efficiency for the beam deflection remains without 

changing for the nuclei beam with divergence which is smaller w 112 times 
than for the ~rotons, 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 by a bent crystal is maximum for a parallel particle beam. For 
this case Fig.:~ shows the dependence of the deflection efficiency at the angle 

a= 50 mrad for protons, and nuclei of 6C12 and 79Au 197 with energy 6 
GeV /u upon the bend radius of the silicon crystal bent along 0 10) planes. 
It reaches ab<•ut 20% in a maximum. The corresponding dependences of the 
dechanneling lengths a-re 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 scatering 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 Jther when the crystal bend is measured in the relative units r, 
that confirm~: our theoretical conclusions. The crirical radii of the crystal 

bend Rcw eqtals 1.16, 2.32 and 2.88 em for the protons, nucleiC 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 em. The corresponding length of the crystal is l em. 

The con:;idered 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 dever1:ence increases. So, when the beam divergence equals the 
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critical channeling angle (}c' that is close to the value expected for Nuclotron 

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

times. As a r·:sult the beam deflection efficiency at the considered angle of 
50 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 silicc n and germanium crystals usually used in the channeling 
experiments may be elastically bent up to the definite limit after which they 
will be brokt:n. This radius is proportional to the thickness of the crystal 
plate t. In tt.e first experiment there was studied the beam deflection by a 
bent crystal, which was fulfiled in Dubna I 14 ), it was shown that for a 
silicon cryst<1l bent along (lll) planes Rbr (em) ::::: 76 x t (mm). So, in our 

case for the realization of the optimal bend with R = 20 em the crystal 
thickness has not to be more than 0.3 mm. The deflector width may be 
varied. When 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 .vidth 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 frJm Nuclotron are lOx 10x0.3 mm. The usage of the crystals with 
the length ahout 2-6 em is more usual. However, in our case increasing of 
the crystal 1 !ngth up to 2 em will decrease the deflection efficiency about 
three times. Moreover,.for nuclei it will decrease considerably the extraction 
possibility d 11e to multiple passages through the deflector. 

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

beam with the same divergence. The maximum of Pex shifts to a smaller 

bend radius to compare with P d I 8). 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 dis maximum is small enough to decrease it 

more. 

3. Beam Guidance onto the Crystal 

l. 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 phnar crystal channels with very small angles. However, in this 
case «inpac1 parameters» are very small too. It means that these particles 
will move tl1rough the crystal in a narrow surface region. Therefore, they 
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Fig.4. Schematic picture or growing orbit bump which takes awa:• 
the beam From the angular region or the capture Into the channelini: 
states In the bent crystal 

will not deflect at the first hits with the deflecror when there is an 
imperfection of the surface layer or the crystal surface is not Jlarallel 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 growin~ 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 nay 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 tile inflector 
plates or the resonance excitation of these particles at the frequencies to 
which a rotation frequency fo and the betatron oscillation cne qf0 are 

multiple. 
2. Transverse diffusion. Resonance excitation. The crystal d!flector has 

to be located at the distance about 3 em from the closed orbit tc be not the 
obstacle for the beam particles at the injection stage. The nns particle 
distance from the closed orbit at the crystal a::imuth is 
a yO = 0.5 v cyO • f3y!!! 2.5 mm, when the vertical emittance of the nuclei 

accelerated up to 6 GeV /u is cy = 2x 10-6• Assuming that the b!am begins 

to touch with the deflector at Jay, it means that the beam emittance has to be 
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entrance into t 1e crystal for the different values of the rms angular deviations received at 
their passage hrough the innector anoi' wad: I (a), 2.5 (b), 5 (c). The full crystal 

thickness is 0.3 mm 

increased sill teen 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 tlu ·ation T may be estimated as 

!l.eT 
a - v _____l__Q noi- R • ,..,/ 

(7) 

So forT = l s it will be necessary to have a . = l.S ,urad. The rms voltage 
1101 

at the inflector plates equals respectively ( U) = 0.6 kV for the nuclei with 
energy 6 Ge\ /u and w = 2. 

For the simulation of the beam extraction from the Nuclotron two points 
in the acceler 1tor 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. THo transfer matrices are used to transport the particles from the 
bent crystal 10 the inflector and back. When the particles pass through the 
inflcctor 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 
9 •• ,urad: 5 (a), 10 (b). The period of the perturbations is T. = 20 T0 

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 v 1lues of the 
rms angular deviations received at the particle passages tt rough the 
inflector. When anoi = 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 Tv = 20 T0. It was 1:onsidered 

here with a vertical betatron tune qv = 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 mulMurn beam 
extraction. So, the orbit bump takes away the beam from the angttlar 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 di:;tance be-
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tween the bec:.m and the deflector by means of the bump up to the touching 
at 3ayO, that is about 7 mm, and only then to throw the beam particles onto 

the deflector iue 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 

interactions for nuclei in the crystal S
11 

is proportional to A - 0·
71

• In the 

silicon it eqllals 45.5, 7.8 and 1.07 em for protons, nuclei C and Au 
accordingly. The density of the other particle depends on the angle Y', 

which they ltave after the crystal passage. When Y' >a - (} col• where a is 

the bending .mgle, (}col = l 00 ,urad is a collimation angle, the particle will be 

extracted frc m the accelerator. The particles are lost downstream at the wall 
of the bearr pipe when (} ac < Y' < a - (}col' where (} ac = l 0 mrad is the 

angular acct:ptance of Nuclotron. Otherwise the particles remain in the 
circulating beam. 

VI 
~ 
u 

:.::; .... 
o s0 a. 
-o 
IU ...... 
u 
0 

.b 48 
X 
IU -0 .... 
IU 
.D 
E 
:J 
z 

28. 

8 

a 68 b 

40 

20 

28 48 
~n• • • I o • 0 • J 

0 20 40 

Number of passages 

Fig. 7. The distributions of the extracted particles in the number of passage through the 
crystal bef•Jre the extraction for the nuclei with energy 6 GeV/u: (a)- 6C11, (b)-
79 Aul97 
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The calculated extraction efficiency is more than 7% for nuclei of 6C12 

and 4% for 79 Au197
• The distributions of the extracted particles in the 

number of passages through the crystal before the extraction <1re shown in 
Fig. 7 for nuclei C (a) and Au (b). The contribution of multiple passages 
increases significantly the extraction efficiency, which for the f1 rst hits with 
the crystal is only about 3% for both cases. The passage multiplicity is 
higher for nuclei of C, where it achieves 20, because the partick 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 PHYSICS1 

R.M.Santilli:: 

We ntroduce the axiom-preservinJ, nonlinear, nonlocal and noncanonical 
isotopie;l/Q-operator deformations SUQ(2) of the SU(2)-symmetry; construct 

their iscrepresentations; and prove their lack of unitacy- equivalence to conven­
tional npresentations under the local isomorphism SUi2) = SU(2). We then 

apply tlte theory to the reconstruction of the exact isospin symmetry under 
electrontagnetic and weak interactions and to the exact representation of total 
magneti: moments for the deuteron and few-body nuclei under the exact isospin 
symmelly. 

lf30TO OH'IeCKa9: S U (2) -CHMMeTpH9: 

B npmteHeHHH K ~epHOH <l>H3HKe 

P.M.CaHTH.JLIIH 

Bso;;sncSI aKCI10MOCoxpaHSII0~11eCSI, HeJII1HeHHbie, HeJIOKaJibHbie 11 HeKa­
HOHI1'1e,:KI1e 1130TOnl1'1eCK11/Q-onepaTOpHbie ~elj>opMal.\1111 SU Q(2) SU(2)-

CI1MMeT J1111; C03~a!OTCSI I1X 1130npe~CTaBJieH11SI; 11 ~OKa3biBaeTCSI He~OCTaTOK B 
HI1X e~l' HOM 3KBI1BaJieHTHOCTI1 OO~enp11HliTbiM npe~CTaBJieHI1liM B JIOKaJibHOM 
1130MOP•~113Me S'uQ('l.) = SU(2). Teop1111 3aTeM np11MeHlleTCll K socco3~aHI1IO 
TO'IHOH 1130COI1HOBOH CI1MMeTp1111 B JJieKTpoMami1THbiX 11 CJia6biX B3ai1MO~efi­
CTBI1liX ~ K TO'IHOMY npe~CTaBJieHI110 BCeX Mami1THbiX MOMeHTOB ~efiTpOHa 11 
MaJIOHY (JIOHHOH CI1CTeMbl B TO'IHOH 1130COI1HOBOH CI1MMeTp1111. 

1. Statt ment of the Problem 

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

. 0 1 . . 1 -. 
m,J = '2' .. , m = J, 1- ' ... , J. 

In this n:~te we shall~how that the isotopic/Q-operator deformation of 
SU(2), herein denoted SU Q(2), while being locally isomorphic to SU(2), can 

characterize the more general eigenvalues 

1 The article! is suggested for discussion. 
2The Institute for Basic Research, Box 1477, Palm Harbor, FL 34682, USA, 

Fax: 1-81.1-934 9275, E-mail:ibrrms@pinet.aip.org. 
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/i ~ f(Ll.)j [/ (Ll.) j + 1), J 
3 
~ f(Ll.)m, (l.l) 

and others, wherejand m have conventional values and/(A) is a real valued, 
positive-definite function of Ll. = detQ such that f( I) = I. 

For the two-dimensional case, the condition d ~tQ = I for 

Q = diag(g11 , g22) is realized by g11 = g:;_2
1 = A.. This implies the preserva-

tion of the conventional value t of the spin, but the appeara tee of a non­

trivial generalization of Pauli's matrices, herein called isopt•uli matrices, 
with an explicit realization of the «hidden variable» A. in the structure of the 

. I . If spm 2ttse . 

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 weak interactions 
because protons and neutrons acquire equal masses in th! underlying 
isospace. 

" It should be noted that the isotopic lifting SU(2) ~ SU Q(2) can be inter-

preted as an application of the so-called q-deformations [ 4 ] . although in 
their isotopic axiomatic formulation for the most general possible, integra­
differential operator Q [5 ]. 

In the recent note [6) we have presented the isotopies of Dirac'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 l'or the intro­
duction of a small nonlocal-nonhamiltonian term in the nuclear force, will be 
presented elsewhere. 

2. lsotopies of SU(2)-Symmetry 

The understanding of this note requires a knowledge of: the nonlinear­
nonlocal-noncanonical, axiom-preserving isoto pies of IJe's t 1eory, origi­
nally introduced in [7) (see the recent review [8) and general presentation 
[9 )) ; the isotopies 0(3) of the rotational symmetry 0(3) subm tted in [ l 0 ); 
the isotopies 0(3.1) of the Lorentz symmetry 0(3.1) submitted in [II ); and 
the isotopies of quantum mechanics (QM), called hadronic mechanics 
[HM ), originally submitted in [ 12) and then elaborated by vadous 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-H ], in this case, the generalization of the conventional trivial 
unit I = diag (I, 1) of SU(2) into the most general possible, two-dimensio-

"' nal matrix I preserving the original axioms of I (smoothness, boundedness, 
nonsingulari y, Hermicity and positive-definiteness) as a necessary condi­
tion for isoto· Jy, 

• A A _,_:_ t t 0 
I= dtag(1, 1) > 0 =>I= I(t, z, z, z, z tp, tp , f)tp, iJtp , ... ) > .I (2.1) 

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, in to the isoproduct 

AB =>A • B: = AQB, Q fixed, (2.2) 

where the isc topic character of the lifting is established by the preservation 
of associativi .y, i.e., A • (B • C)= (A • B) • C. 

The assumption I= Q- 1 then implies that lis the correct left and right 
" " unit of the theory, I • A = A • I = A, in which case Q is called the isotopic 

" element, and I is called the isounit. Note the appearance of q-deformations 
in their Q-op~r~tor form at the very foundation of the theory [5]. 

The isot•)pies of the unit I => I and of the product AB => A • B then 
imply the necessary lifting of all mathematical structures of QM into those 
of H M [5-1 ~ ]. Here we mention the lifting of the field of complex numbers 
C(x, +, x), with elements c, ordinary sum + and multiplication 

" " c x c' = c_•c', into the infinitely possible isotopies CQ(c, +, •), with iso-

complex numbers 2 = //, conventional sum + and isomultiplication 
A A A A A 

c1 • c2 = c1Qc2 = (c1c2)I (see [16,17]fordetails). 

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, b, C) 
with familiar metric b = diag( 1, I) into the complex two-dimensional iso­
euclidean SJJ,·ces introduced in [ 11 ] 

"' - '--""' EQ(z, z, 3, C) : z = (z1, z2), 

8 = ~ = g = diag (gil, g22) = gt > 0, <2.3a) 

t - - - . zi gilt, z, z, ... )zj = z1g 11 z1 + z~22z2 = mv., (2.3b) 

where the assumed diagonalization of Q is always possible (although not ne­
cessary) frorr its positive-definiteness. 
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The isotopic character (as well as novelty) of the generalization is estab­
lished by the fact that, under the joint lifting of the metric d => 8' = Qd = g 

and of the field C => CQ, f = Q- 1
, all infinitely possibl·~ isospaces 

,.... -""' -EQ(z, z, d, C) are locally isomorphic to the original space 1\(z, z, d, C) 

under the condition of positive-definiteness of the isounit fIll ). 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 t z under 
the sole condition of remaining positive-definite, i.e., of preserving the topo­
logy sig d = sig 8 = ( +, + ). The symmetries of invariant <2.J) are then 
expected to be nonlinear, nonlocal and noncanonical, as desired. 

The preceding isotopies imply, for consistency, the isotopies of Hilbert 
spaces : ( tp I rp ) E C into the so-called isohilbert space "Q Hith isopro-

duct and isonormalization 

Then, operators which are Hermitean (observable") for QM r :main Her­
mitean (observable) for HM, as was first proved in 115). 

The liftings of the Hilbert space then require corresponding isotopies of 
all conventional operations 113,14 ). We here mention isounitarity 
" "f "f " " " U • U = U • U = I; the isocigenvalue equations H •itp ) = 

" A A A (' 

+ HQ I tf') = E • I tp 1 = E I tf' ); the isoexpcctation valufs {A 1 = 
= ( ~ I QAQ I ~ ) I ( tp I Q I ~ ); etc. 

The lifting of the unit, base field and carrier space then 1equire, for 
mathematical consistency, the lifting of the entire structure of Ll e's theory, 
that is, the isotopies of enveloping associative algebras~, Lie algf bras L, Lie 
groups G, representation theory, etc. 17-9). Here we m!ntion the 
isoassociative enveloping operator algebras fQ with isoproc uct (2.2); 

A • B = AQB the Lie-isotopic algebras LQ with isoproduct 

lA, B) .... = lA ~B I= A • B- B • A= AQB- BQA; (2.5) 
~Q 

" the (connected) Lie-isotopic groups GQ of isolinear isounitary tra.ts/orms on 
"' - "" EQ(z, z, d,C) 

z' = U(w) • z = U(w)Qz = U(w)Q(z, z, z, "f, ~' ~t, ... )z 

U(w) = ei~i;, = {eiXQw}J, 
Q 
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A A A A A 

U(w) • U(w') = U(w') • U(w) = U(W + w'), 
A A /'\. A 

U(w) • U(-w) = U(O) =I, (2.6c) 

where the reformulation in terms of the conventional exponentiation has 
been done br simplicity of calculations. 

A 

The isounitary U Q(2) symmetry is the most general possible, nonlinear, 

nonlocal ani noncanonical, simple, Lie-isotopic invariance group of separa­
tion (2.3b) 'Vith realization in terms of isounitary operators on Q 

/"\. A,... A,.., /"\. A 

u • ut = ut. u =I= Q- 1, (2.7) 

verifXing is<•topic laws (2.6). 
U(2) can be decomposed into the connected, special isounitary sym-

metry §u' QC!) for A 

det(UQ) = +I, (2.8) 
A 

plus a discn te part which is similar to that for 0(3) [I 0 I and is here ignored 
for brevity. A 

The co~?ected SU Q(2) components admit the realization in terms of the 

generators J k and parameters ()k of SU(2) 

A iJ•B { iJQ8}A U = n e,.. t t = n e t t I, 
k ~ k 

(2.9) 

under the cc nditions · 
A 

tr(JkQ) = 0, k = I, 2, 3. (2.10) 

The ism epresentations of the isotopic algebras SAU Q(2) can be studied by 

imposing th<t the isocommutation rules have the same structure constants of 
SU(2), i.e., lor the rules 

with isocasinir 

A A.A. A /"\. A A /"\. 

11; • 1; I = 1;Q1;- 1;Q1; = ieijk 1k· 

') A A 

1 = L 1k • 1k· 
k 

(2.11) 

(2.12) 

A~ A 

and maxima I isocommuting set J and J 3 as in the conventional case. These 
A 

assumptions ensure the local isomorphisms SU(2) ::::: SU(2) by construction. 
~ A 

Let I bk ) be the d-dimensional isobasis of SU Q(2) with iso-orthogona-

lity conditio11s 
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(2.13) 

A A A 

By putting as in the conventional case J ± = J 1 ± J2, and by repeating the 

same procedure as the familiar one [ 1 ), we have 
A Ad d Ad A2 Ad d d Ad 
' 3• I b* > = b* I b* ), ' * 1 b* > = b1 (b 1 - 1) 1 b1 ), 

d=1,2, ... , k=l,2, ... ,d, bf = -b~, b1(b1- 1) = b~(b~+ I). (2.14) 

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

familiar expression n = 2j + 1, j = 0, t, 1 , ... as expected from the isomor­

phism SAU Q(2) ""SU(2). 

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

A 1 • Ad A A Ad 
(J 1)ij = 'il I bj > * <' _- 1 +) * 1 bj ), <2.tsa> 

(2.15b) 

(2.15c) 

under condition (2.1 0). 
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 char<tcterized by 
our isotopic methods via the antiautomorphic map I = diag( 1,1) ~ 

~ I a = -1 called isoduality, first introduced in [10 ), which provides a 
novel and intriguing characterization of antiparticles [ 14 ). Tht correspon-

ding isodual SU g(2) 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 ol p - n; the 

A 

exact isotopic SU Q(2) for the characterization of p - n (see n< xt section); 

the broken isodual sif(2) symmetry for the characterization of the antipar­

ticles p - n in isodual spaces; and the exact, isodual, isotopic s1~(2) for the 

characterization of antiparticles p - n in isodual isospace. 
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The reader may be interested in knowing that, when the positive- (or 
negative-) definiteness of the isotopic elemnt Q is relaxed, the isotopes 
SAU(2) unify .til three-dimensional simple Lie groups of Cartan classification 
over a com pies field (of characteristic zero). In fact, we have the compact 
isotopes SAU(2) ::::: SU(2) for g11 > 0, G22 > 0 and the noncompact isotopes 

A 

SU(2) ::::: SUd, I) for g11 > 0 and g22 < 0 (see 110 I 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 ak (see, e.g. 12)) verify the 

rules a. a.= i e .. ,. a,_, i, j, k = I, 2, 3. In this section we show that the iso-, 'A ,,,., 1\ 

algebra SUq(2) implies the existence of intriguing generalizations of these 

familiar matrices. 
To have a guiding principle, we recall that 1121, in general, Lie-isotopic 

algebras are 1he image of Lie algebras under non unitary transformations. In 
fact, under < transformation uut :;~: I, a Lie commutator among generic 
matrices A, /;,acquires the Lie-isotopic form 

U(AB- BA)Ut = A'Qf3' - B'Q A', (3.1 a) 

4' = UAUt, B' = UBUt, Q = (UUt)- 1 =Qt. (3.1 b) 

We the1'cfore expect a first class of fundamental (adjoint) 

isorepresentations characterized by the maps Jk = i ak-+ Jk = UJkut, 

uut :;~: I, ± ~-+ + i /(~). 3/4 -+ (3/ 4) I 2(~). here called regular adjoint 
A 

isorepresenta'ions of SUQ(2). 

An example is readily constructed via Eqs. (2.15) resulting in the follo­
wing generali ~ation of Pauli's matrices here called regular isopauli matrices 

(~ = tl-I/2(0 gil), ~ = ~-1i2( ~ -igll), 
I g22 0 2 + tg

22 
0 

~= ~ -1/2 (~22-0 ) ' (3.2a) 
gil 

l;i ~;j I= ;iQ ;i- ;;Q ;; = 2i eijk ;k, Q = diag(gll' g22)' <3·2b> 
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where !!. = detQ = g11 g22 > 0, with generalized isoeigenvalues for 

1/2 A l A 

f(l!.) = !!. and J k = 2 ak, k = l ,2,3, 

~·I~)= ±(1/2)!!.112 1 ~ ), (3.3a) 

;i. I ~ ) = (3/ 4)1!. I ~ ), i = I' 2 (3.3b) 

which confirm the <<regula!')> character of the generalization here :onsidered. 
The isonormalized isobasis is then given by a simple extension of the con-

ventional basis, I b)= g- 112
1 b). 

Recall that Pauli's matrices 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 are based on various degrees 
of freedom which are absent in the conventional SU(2) theory, such as: l) 
infinitely possible isotopic clements Q; 2) formulation of the isoalgebra in 
terms of structure functions 17); 3) use of an isotopic element fo ·the isohil­
bert space different than that of the isoalgebra 113, 14); and oth,!rs~ 

" We shall call irregular adjoint isorepresentations of SU Q(2) those with 

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

(3.4) 

which verify the isocommutation rules with structure functions 

A 

without evidently altering the local isomorphisms SUQ(2)::::::: SUi2). 

The new isoeigenvalue equations are given by 

which com firm the «irregula!')> character under consideration anc provide an 
illustration of Eqs.O.l). 
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Yet anot 1er realization of irregular isopauli matrices is given by 

(
c -112] (0 . -112] ( _, " g22 " -lg22 " g,, 

a''- a''- a''-,- -1/2 0 ' 2- . -1/2 0 ' 3- 0 
811 lgll 

0 l I ' 
g22 

(3.7) 

with isocommutation rules and isoeigenvalues 
A A A. A /'\. A /"\. /'\. A:'' /"\. 

IJ' J" I = it1 J" (J" J I = i J" IJ" J" I = i J" 1'2 3' 2'3 I' 3'1 2' 
(3.8a) 

A,, {'2 1 {'2 A,,~ {'2 1 ( 1 .!.) {'2 
J 3 *I b;) = ± 2 I b;, J *I b) = 2 2 + !12 I b; ). (3.8b) 

Note th<.t the regular isorepresentations (3.2) are characterized by 
structure constants; while irregular isorepresentations (3.4) and (3. 7) are 
characterized by structure functions. Intriguingly, the former generally 
occur in the mathematical study of s"u (2), to have the local isomorphism 

" q 
SU/2):::::: SlJ(2) by construction, as done in Sect.2. However, the latter ge-

nerally occm in physical applications [ 13,14 1. This is due to the fact that 
generators a1·e not changed by isotopies [7-9 I (recall that they represent 
physical quantities). Their embedding in an isotopic algebre then generally 
implies the a Jpearance of the structure functions. 

By no rr eans the above two classes exhaust all possible, physically 
significant is Jrepresentations (in fact, we do not study here for brevity the 
isoreprese.nt<.tions with. different isotopic elements for the isoenvelope and 
isohilbert space). We therefore introduce a third class under the name of 
standard adj?int isorepresentations, which occur when the eigenvalues are 
the conventic nal ones, but the algebra is isotopically nontrivial. 

In fact, J"egular isopauli matrices (3.2) admit the conventional eigen-

value 1 for ~ = l. This condition can be verified by putting g11 = g22
1 =A.. 

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

" (0 A.) a, = A. -I 0 ' " (0 -i.A.) 
a2 = i). -I 0 ' " _ (r' o) a- ' 

3 0 -A. 
(3.9) 

which admit .til conventional eigenvalues and structure constants, 

" "" . " " fl. l " ~ fl. fl. (Ji,Jj)=teijka' J 3•lb1= ±2lb, J •lbJ=(3/4)1bl (3.1 0) 

yet exhibit a <<hidden variable» A. in their very structure. Note however that 
the functiona I 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 
. - " "t -function, A - A(z, e, tp, tp , ... ) -X -:,t: 0. 

Needless to say, irregular isorepresentations also becorr e standard 
under the condition det g = l. We therefore have the following additional 
standard isopauli matrices 

"" (~ ~) "" ( 0 -i) "" (A-I 0) a- =a,, a- +i 0 = a2' a-,- 2- 3- 0 -A ' 
(3.11a) 

(0 ,tl I 

""' A!' (0 -iA2) ""' (A_, o) 
a = A- I 0 ' a - iA-t 0 ' 

a -I 2- 3-
0 -A 

(3.11 b) 

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 SU Q(2) isosymmetry is studied else-

where [18). 
When studying conventional particles, e.g., tho;ie of nuckar. physics, 

the subclass of SU Q(2) which is physically relevant is the special one with 

conventional eigenvalues which is studied in the next sections. The image 

dfc 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 isotopic level, n.tmely, there 

A - L'\. A 

exist a realization of the underlying isospace EQ(z, z, o, C) in which protons 

and neutrons have the same mass, although the conventional v< 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 All-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 tote exact even 
under electromagnetic and weak interactions. Actually, the con ;tant Q-mat­
rix acquires the meaning of a suitable average of these interactions. 
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The reader should be aware that, by no means, this is an isolated occur­
rence, because it represents rather general capabilities of the Lie-isotopic 
theory refen·ed to as the isotopic reconstruction of exact space-time and in­
ternal symm ?tries when conventionally broken. For example, the rotational 
symmetry has been reconstructed as exact for all infinitely possible ellip­
soidical defcrmations of the sphere 110 I; the Lorentz symmetry has been 
reconstructe j as exact at the isotopic level for all possible signature preser-

"' ving deform;:,tions 17 = Qr/ of the Minkowski metric I II ); etc. 
The reconstruction of the exact s"'u Q(2)-isospin symmetry is so simple 

to appear tri'rial. Consider a twelve-component isostate 

" ,...,.P , (~ (z)) 
v•(x) = 1/'ll(x) (4.1) 

where ~ /x) and~ 
11
(x) are solutions of the isodirac equation of note I 6 I 

which transf roms isocovariantly under Q(3.1) x SU Q'(2) for the particular 

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

attention to lhe isonormalized isostates 

'· (A-t) "' (0) "' "' I!J•p) = O , llf',,) = At , (y•kiQiy•k) = l, k = p, n, (4.2) 

where Q = diag. (A, r\ I= Q- 1 = diag. (r 1
, A). 

"' We then introduce the SU d2)-isospin with realization (3.9) admitting 

conventional eigenvalues ± t and 3/4, defined over the isospace 
A _ L'\. A A 

EQ(z, z, 3, C), 3 = QO. 
We now select such isospace to admit the same masses for the proton 

and the neutron. This is readily permitted by the «hidden variable>> A when 
selected in such a w~r that . 

2 m A = m A, t.e., A = m /m = 0.99862. (4.3) p II p II 

The mass op:rator is then defined by 

"' 1 "' 1 "' "' (m r I 0 l M={'2A(mP+m
11
)1+2"A-t(mP-m

11
)a3}I= 

0
P mi (4.4) 

and manifeslly represents equal masses;;, = m; -I= m} 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 isostale 

(4.5) 

or, equivalently, via the isoexpectation values 
A A A A A A 

(lf'PIQMQilf'p) = mP, (lf' 11 1QMQI1f'11 ) = m 11 • (4.6) 

Similarly, the charge operator can be defined by 

q = - e (/ + ;; ) = V\ 0 . I "' (_,-1 ) 
2 3 0 0 

(4.7) 

Thus, the s"'uQ(2) charges on isospace are qP = et- 1 and q
11 

=(.However, 

the charges in our physical space are lhe conventional ones, 

(4.8) 

The isodual slfb(2)-isospin characterizes lhe antiparticle/; and n will 

be studied elsewhere. 
The entire theory of isospin and its applications 12 I can then be lifted in 

an isotopic form which remains exact under all interactions 114 J. This is not 
a mere mathematical curiosity, because it implies a necessary is,Jtopy of the 
nuclear force, e.g., via .fu Q(2)-isotopic exchange mechanism. 

These dynamical implications arc studied elsewhere. We or ly mention 
that their physical origin lies in the old hypothesis that nuclear fc,rces have a 
(very small) nonlocal-nonhamiltonian component due to the ovf rlapping 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. 

5. Application to Few-Body Nuclear Magnetic Moments 

In the recent note (6 I we have shown that the s"'u Q(2) symmetry permits 

a direct representation of: 1) the expected nonspherical shapes ol the charge 
distribution of nucleons; 2) all their infinitely possible deformalions due to 
external forces; and 3) the consequential alteration of the <(intrmsic» mag­
netic moment of protons and neutrons under sufficient conditions. 
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These r~sults were then applied in note 16) to the apparently first, exact 
representation of the total magnetic moment of the deuteron and other few­
body nuclei 

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

Consid{ r nuclei with A even and introduce (A/2)-dimensional isospaces 
/'\ /:\ " /"\.. 0 • • -1 
Ek(z, o, C),~= Qko, 1sotop1c elements Qk= d1ag. (..\k, ..\k ), det Qk = 1, 

isounits ~= Qk" 1
, and related SU(2) isosymmetry for isospin t (the exten­

sion to odd A is the same as in QM>. As well known (see, e.g., 12,3)), total 
nuclear magnetic moments are computed via the familiar expressions 

#(S)= js) (eh/2ml
0

) S, /ps) = 5.585, 

Js) =- 3.816, eh/2m c
0
= 1, ~ p 

(5.la) 

li(L) = JL) L JL) = I JL) = 0. /'"' g' ,gp ,g;l (5.1 b) 

In the p ·eceding section we selected the <<hidden parameter» ..1. to iden­
tify the pan j n masses. We here select the ..\-parameter to render equal the 
(magnitude Jf the) p-n magnetic moments via the model 

" 1 " 1 -1 " " -1 f-t = {2 ..\(gP + g
11

)1 + 2 ..1. (gP- g
11

) a 3} I= diag. (gi , gi ), (5.2a) 

i = ..t-1/pS)= - ..1. /-ns), (~kl QuQI~k) = gk, k = p, n. (5.2b) 

A simpk isotopic lifting of the conventional QM isospin treatment (see 
I 14] for det<tils), then leads to the following alternative formulation of mo­
del (3. 9) of note I 6 ] 

NIM 1 "' 1 -
#Tot = 2 L 1kxLk3+ L (2 Lk3+ gkrk3xsk3). (5.3) 

k k 

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 solt contribution for L = 0. 

Consider now the case of the Deuteron (D) and the experimental value 
of its magnetic moment 
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,U~xp= 0.857, (ftp= 1). 

As well known, in QM we have the theoretical value 
1 ,UQM = g + g = 0.879 

D p n ' 

(5.4) 

(5.5) 

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

In note [6 I we provided the exact representation of value (5.4) via a 
mutation#'P' #'"of the p-n magnetic moments due to a small deformation of 

their charge distributions. In 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 

A --""-

value, in E(r, r, 3, C) 

.l. 2= lg 1/lg I =3.816/5.5816=0.685, g=0.428. (5.6) 
n P 

The use of the H M formalism then yields the isoeigenyalues of ( 5.3) 
"HM A ,.... A. _,.... " 

,u0 * 1f! = 2gr3xs3w + 2glf! = 0.8511f!. <5.1> 

This illustrates the possibility of exactly representing,u~P as al·eady done 

in Sect. 3B of [6 J, 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.Kabanovich* 

A one-dimensional lattice gas model is considered, in which in .eract 
only particles inside a cluster. Exact recursion relations for the pa1tition 
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 Bogollubov Laboratory of 
Theoretical Physics, JINR. 

PeweHHe o~HOMepHOH KJiacrepHOH MO~e.nu 

A.8.6aKaes, B.M.Ka6aHosuq 

PaCCMOTpeHa OAHOMepHall MOAeJib peweTO'IHOI'O 1'838, B KOTOpoA BJIHMO­
AeACTBYIOT TOJibKO 'laCTHL\bl BHYTPH OAHOI'O KJJaCTepa. nOJiy'leHbl TO'IHUe Pe­
KypcHBHble COOTHOWeHHil AJ(Il CTaTHCTH'IecKOA CYMMbl, KOTOpble pew ~Hbl B 
TepMOAHHaMH'IeCKOM npeAene. OnpeAeneHa ljlyHKL\Hil pacnpeAeneHHil ~ a3Me­
poa KJJaCTepa. HaAJ.eHbl ycnOBHil, npH KOTOpbiX KJJaCTep TepMOAHHaMH'teCK0-
1'0 pa3111epa cocymecTByeT c napo111. 

Pa6oTa abmonHeHa a Jla6oparopHH reopeTH'IecKoA ljJH3HKH """· H H.6o­
ronl06oaa OH51H. 

Let L be a W lattice (ring) of V sites each of which eithEr is vacant 
or contains a particle. The total number of particles is equal toN. By a 
cluster Ck we mean a set of k particles on L which constitutH a chain of 
nearest neighbour on L. Let the energy of an arbitrary parti ~le configu­

:J{ = 2, E(k) n(k), (1) 
ration be given by 

k. 

where E(k) is the energy of a Ck, 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 r1umbers of 
clusters of each type. The examples of such models include, in parti­
cular, the nearest-neighbour interaction W lattice gas, Bnd the W 

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

It is well known that lattice gas type models rapidly decaying pair 
interaction!~ cannot have long-range order at non-zero temperatures; 

the models with the potential oc 1 I x2 exhibit a first order transition in 
temperatur ~ (see [3], and [ 4], [5]), and fo.r stronger interactions, for 
instance fm the Coulomb potential [6], which is oc 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 E,ven in one dimension. 

The partition function of the system with the interaction (1), laid on 
the W latthe L with free boundary conditions, is given by 

Zf\', N) = L C(V, N, ln(k)}) o [N- I kn(k)l exp(- p!H), (2) 
{n(k)} k=l 

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

(V-N+ 1)' ~ C(V,l\i, ln(k)})= oo., n(O)=V-N+ 1- "'- n(k). 

n n(k)! k=l 
(3) 

k=O 
Let us mention that the partition function of the noninteracting 

Boltzmann l~as of NB = V- N + 1 particles with the discreet spectrum 

eB(k) = e(k), k = 1, ... , eB(O) = 0, differs from (2) only by the o-factor 

o (N- L kn(k)) which can be considered as some artificial non-ideality 
k=l 

of the Boltznann gas. 
Summing the contributions due to configurations in which the first 

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

the followinf recurrence: 
N 

Z:{V,N)=L v(k)Z,IV-k-1,N-k), V>N?_O, 
k=O 

ZfV, V) = 1, V?_ 0. 

(4) 

where v(k) = exp(- Pe(k)), k = 1, 2, ... , N, and we put, formally, v(O) = 1. 
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For L with periodic boundary conditions we have: 
N 

ZP(V,N)= L (k+ 1)v(k)Z{V-k-2,N-k), V?.N +-2. (5) 
k=O 

Let c(k) be the average number of clusters Ck, c(k) = (n(k )). It ts not hard 

to prove that 

_ ZfY-k-2,N-k) 
c(k)- Vv(k) ZP(V, N) , k= 1, ... ,N. 

N 

Using the normalization condition N = L kc(k), we get 
k=l 

N 

L kv(k)Z{V-k-2,N-k) 

(6) 

k=O N 
N = V = p. (7) 

L (k + 1) v(k) ZfV- k- 2, N- k) 
k=O 

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

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

j 

S(j) = L (w- N) ~- 1) v(k) S(j- k), S(O) = 1. (8) 
k=l J 

Thus, to compute Zp<V, N) and c(k), k = 1, 2, ... , N, it will su1fice to use 

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

N2/2 times. 

Suppose that the limit v =lim (v(k)) 11k exists. For any pm itive r, the 
k~ 

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

' k ' - JV v(k) -H (k) = v(k)r , ZfV, N) ~ ZfV, N)- ZfV, N). . (9) 

Thus, choosing r = v-1 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 

ZfV-k-2,N-k) _ k 

ZfV _ 2, N) - exp (kp(J.t- p)) =a , (10) 
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where p and 1.1 are the pressure and chemical potential in the limit 
V ~ oo, N 1 V = p, respectively. If a < 1 I v = 1, then the contributions to 
the sums · n Eq. (7) decrease exponentially, and in the thermodynamic 
limit the density pas a function of the parameter a is given by 

L kv(k) ale 
___;k=;.:_-_::0 ____ _ 

p= .. 

2, (k + 1) v(k) ale 
k=O 

and the average numbers of clusters decrease exponentially, 

cU) = Vv(J) a j .. 
2, (k + 1) v(k) ak 

k:=() 

Denoting N 8 = V- N, we can rewrite ( 12) in the form: 

0il_ v(J) aj 
N - .. 

8 2, v(k) ak 

k=O 

(11) 

(12) 

(13) 

which gives exactly the occupation numbers of the noninteracting Boltz­
mann gas .vith the.chemical potential1.18 = In a . 

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

p(O) = 0. 11' the series 2, kv(k) diverges, then p{1) = 1 and for any 
/e=() 

p E (0, 1) I:q. (11) is the equation of state for the cluster model. If, con­
versely, thts series converges, then p = p{1) < 1, and at n > p Eq. (11) c ~ c 

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

Numetical calculations by the recurrence (8) in the case Pc < 1 

demonstrate that S{j) has a maximum atj = N oc K(n ) (V- N), which g ~c 

gets sharper with the increase of (V- N) (the coefficient K(pc) is inde-

pendent of (V, N). 

In ord ~r to obtain the asymptotical solution to the model with 
p > Pc' we f•pproximate S{j) in the vicinity of its maximum by the follow-

ing expres!:ion: 
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(14) 

The quantity 
N 

t:.(l) = i (<V -N) N \ 1 - 1)v(k) exp (- (l ;;>2
) 05) 

k=O g 

is the difference between the l.h.s. and r.h.s. of Eq. (8) atj = ~g + l, neg­

lecting the contributions due to k close to N
8

. Choosing the optimal 

values of N
8 

and D from the conditions !:.(0) = 0 and !:.'(0) = 0. we are led 

to the equations: 

0'1 
N =(V-N)-; 

g O'o 

Nl v ( k2) 
O'v = O'v (N

8
, D)= L k v(k) exp - 2D . (16) 

k=O 
Ifpc < p ~ 1, then, using Eq. (11) at n = 1 to find the limit oft'le quantity 

cr1/ cr0, we get the asymptotics of the solution to Eq. (16): 

N 1-
p = lim ~ = p ...!...=..e.. 
g V _.., V c 1- Pc ' 

lim ~D = 0. 
V -+oo V 

(17) 

The function (14) is the asymptotically exact solution to Eq. {8) for 
Ill < 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): 

_ v(p'V-N) 
S(p'V)- ~21tDS(N ) (V- N) 8 

, p' E (Pc• p (18) g 00 

L v(k) 
k=O 

(we assume, for simplicity, that v(k) is sufficiently smooth aLlarge k). 

Let Pv<.O be the partial densities. According to (6), 

Py(/) = jcy) = N jv{J) S(N-J) (19) 

L (k + l) v(k) S(N - k) 
k=O 

Substituting (14), (17), and (18) into (19), we get the folio" ing asymp­
totics for small clusters and macro-clusters, respectively: 

43 



N 
Pv(i) _ _J_ v 

Mil 

L kv(k) 
k=O 

j«N-N g' 

N-N 1 ( pI 
P~,;(N-Ng+l)-~ ...J

2
7tD exp -2D) l«N-Ng. 

(20) 

(21) 

Clearly, the total density for small clusters is equal to p g ( 17), that is 

Ng and N- Ng are the average numbers of particles in the vapor and in 

the conden:;ate, respectively. The quantity ...JD describes the fluctuations 
of these c uantities. Taking the sum of c(k) over macro-clusters 
k "'N- Ng we see that the condensate cdnsists of exactly one macro-

cluster. ThE' density of the vapor in its volume V- N + Ng equals Pc' that 

is for p :?: Pc the vapor is always a critical gas and all «extra»-particles 

are conden•:ed into the macro-cluster. 
As an Hxample, let us consider the model e(k) = ln(k + 1). At high 

temperatures 0 < ~ < ~ = 2 the system is gaseous at any density. At low . c 

temperatures ~ > ~c the system is gaseous if p < Pc(~), where 

P/~)=1-~ 
'(~- 1) ' 

'<~) = L k-13, 
k=l 

(22) 

and at p.> Pc an equilibrium coexistence of critical vapor and conden­

sate occurs. 

Refere 1ces 

1. Gruber C., Kunz H.- Comm. Math. Phys., 1971, 22, p.133. 
2. Bakaev AV., Ermilov AN.- One Dimensional Spin Model of Phase 

Separat ~on, Phys. Lett. A, 1993, accepted. 
3. Thoule~s P.J.- Phys. Rev., 1969, 187, p.732. 
4. Frohlich J., Spencer T.- Commun. Math. Phys., 1982, 84, p.87. 
5. Aizenman M., Chayes J.T., Chayes L., Newman C.M. - J. Stat. 

Phys., 1988, 50, p.l. 
6. Choquard Ph., Kunz H., Martin Ph.A., Navet M. - One-Dimensio­

nal Coulomb Systems, in:Physics in One Dimension, eds. J.Bernas­
coni and T.Schneider, Springer, Berlin, 1981. 

Received on November 11, 1993. 

44 

..J 



Kpanucue coo6u~HuR OHHH !W6/63}-93 

Y,llK 621.384.634.5 

JINR Rapid Communicatiom No.6[63/-93 

ACCELERATION OF DEUTERONS AT THE UNK 
(Proposal) 

A.A.Vasil'ev1
, S.B.Vorozhtsov, V.P.Dmitrievsky, 

2 2 E.A.Myae , V.A.Teplyakov 

In this article poosible perspectives of using UNK for accel !rating 
multlcharged Iones with minimal additions and changlngs In systems of cllmplex 
UNK are considered. Deuteron accelerating is proposed as the minimum fariant 
in which one supposes to reach energy till 1.5 TeV /nuc in one beam. 

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

YcKopeHne nenTpoHOB s YHK <npeAJIO)KeHne) 

A.A.BaotJibeB "AP· 

B AaHIIOH pa6oTe paCCMOTpellbl nepcneKTHBbl B03MO>KIIOI'O HC00Jib3, JBaUHSI 
YHK AJI!I ycKopeHHSI MH01'03llp!1AIIbiX HOHOB C MHHHMBJibHbiMH H3MeHf HHSIMH 
11 AOIIOJIHeHH!IMH D CHCTeMaX KOMIIJieKCa. 8 Ka'leCTDC MHHHMBJibHOI'O D lpHaH­
Ta D 3TOM OJiaHe paCCMaTpHoaeTCII AeHTpOHHbiH pe>KHM, D KOTOpOM npe[IIIOJia­
raeTCII AOCTHI'HYTb 3HeprnH DIIJIOTb AO 1,5 T3B/HyKJIOH B 0)\HOM ny'IK(. 

Pa6oTa DblnOJIHeHa o Jla6opaTOpHH IIAepHbiX npo6neM OH.SUI. 

1. Introduction 

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

intense proton beams (up to 5·1014 particles/pulse) in the synchrotron 
mode [I ) and for investigations with secondary beams from thf 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 
(25Hz) [3 ), a 70 GeV strong focusing synchrotron and three~ 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. Th;! first stages 

1 Atomic Power Ministry of the Russian Federation, Moscow. 
2Institute 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 ~resent work deals with the possible use of the UNK for 
acceleration of multicharged ions with minimum modification of the UNK 
systems. ) cceleration of multicharged ions was carried out at many high 
energy ac' elerators for investigations in the field of relativistic nuclear 
physics. For example, 9 GeV /c deuterium nuclei were accelerated for the 
first time <1t the JINR synchrophasotron in 1970 (4 ). Later helium nuclei 
were accekrated there as well. In the 1970s, deuterons and a-particles were 
also accelerated at CERN, where they used the ISR facility designed for 
colliding ~ roton-proton beams. In 1986-87, 160 and 32S with energy 
200 GeV /nucleon were obtained there at the SPS. Similar research was 
carried ou1 at the proton synchrotron AGS in Brookhaven <USA> <160 of 
energy 15 3eV I nuclein and 28Si of energy 14.6 GeV I 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 iom to ultrarelativistic energies. We mean the collider RHIC in 
Brookhave11, where experimenters will be able to work with particles from 

protons of 1!nergy 250 GeV and luminosity== 1031 em -zs- 1 to Au of energy 

100 GeV/nucleon and luminosity== 2·1026 cm-2s- 1• Besides, the large 
hadron col ider <LHC> at CERN is known to allow not only proton-proton 

and proto11-electron beams but also colliding 208Pb - 208Pb beams of 

centre-of-mass energy 1312 TeV and luminosity == 1·1028 em -zs -I. 

From t te aforesaid, it is clear why there arises interest in extending the 
capabilitie~ and modification of the UNK, in construction of which large 
material rt·sources 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 
acceleratin,~ a beam of polarised deuterons. In ref.(5 I the authors already 
touched upon the problem of conserving proton beam polarisation in the 
booster syr,chrotron U-1.5 and in the proton synchrotron U-70. However, 
for a deutc: ron "beam the expected depolarisation effects seem to be less 
essential than for a proton beam. 

2. General Physical Premises for Transition 
to 1 he 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. 

46 



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 ri11gs and the 

maximum induction of the magnetic field. 
2.1. Acceleration energy range. The total energy of a particle is 

where E0 is the rest energy, Pis the momentum of the charged particle, 

eBk/Lt-o 
p = 2n , 

Lt-o is the length of a closed orbit, k1 = : is the factor of filling 1 he.orbit with 

L ' 
dipoles, R = ;:: , p is the orbit curvature radius in dipoles, B i1 induction of 

the magnetic field in dipoles. 
In the relativistic case (E » Eo) 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 m<,gnetic field 
(Bmaxk/LeO = const) is proportional to the charge of a particl~ 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 

l =k L , 
eO 

(4) 

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

In a non-relativistic case (y = : == 1) 
0 
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f=:<vw 
m' 

(5) 

where W is t 1e kinetic energy and m is the mass of a particle. Here and on 
the symbol«·-» indicates that under the given conditions the proportionality 
constants an the same for protons and deuterons. 

At there lativistic energy (y » I) 

I 
I- I - 2y2' 

In this C<i se the frequency band width is 

2 2 c Y - y. 
k ,_. 

dj = 2y~ y~ LeO 

where yk, Y; cJrrespond to the final energy and injection energy. 

(6) 

(7) 

2.3. Dyn,zmic 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 rr ass of the particle undergoing acceleration in the synchrotron 
mode. 

The diff,!rence occurs in the transition energy, which, at the given 
P dL 

expansion·co1!fficient otclosed orbits a = L d:, is found from 

Eo 
Etr = Va' 

t'() 

(8) 

i.e., for the gi fen magnetic structure the kinetic energy increases by a factor 
of A as comp1red with protons, where A is the number of nucleons of the 
given ion. T 1ere are several methods of overcoming or elimination of 
transition energy [ 6, 7,8 ). It should be considered in each particular case, 
which of then1 is the best. 

2.4. Max1mum charge density in a bunch. The maximum charge density 
in its transverse effect at the fixed length of the closed orbit LeO and the 

frequency of free oscillations (Qz, Q,) is 

E0ltP _ EP2 
k- 2. 

i Eo 
(9) 
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where the values of y, [3, P correspond to the energy of injection in the ring, 

Eof3Y 
P=--. 

c 
With the injection energy from the non-relativistic region (y :::: l) and 

unchanged particle revolution frequency ({3d= f3p), expression (9) becomes 

simpler: 

(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 d = P P) we obtain 

l 
k- e: 

0 

(ll) 

which decreases the maximum density of the deuteron beam hy a factor of 
four. . . 

However, it is not always possible to satisfy the condition {3d = {3P or 

P d = P p· In this case (9) is transformed to 

EB~ 
k- ~· (12) 

Eo 

where B1 is induction in dipoles at injection. From (12) a possibility of an 

intermediate variant between (10) and (II) follows. Longitt. dinal effects 
under the phase stability, as a rule, do not impose additionalltmitations on 
the beam charge density. 

2.5. Maximum vacuum in a chamber. The multiple Coulomb scattering 
effects in annular accelerators for protons and deuterons can be compared 
by the root-mean-square increase in the amplitude of betatroll oscillations. 
At a fixed length of the closed orbit, the same dynamic cl1aracteristics 
(Q,, Qz) and vacuum for this relation can be written as (9) 

2} 2 
(a - Pf32' 03) 

where f = Lt'()v, v is the number of revolutions necessary 10 double the 

injection (kinetic) energy, P and {3 are taken at the injection energy. 
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I 

If the tquality Pd = PP is observed in injection, then at the non­

relativistic t:nergy it follows from 03) that (a~}= 2 ( a2 } owing to a . p 
decrease in he deuteron velocity at injection and a decrease in the number 
of revolutioli sat energy doubling for the same energy gain per revolution. 

In a relativistic case with Pd = PP or for non-relativistic energy at 

fJ d = fJ Pat ir jection, it directly follows from (13) that ( a~} = ( a; }. 
Within 1 his model of scattering by residual gas, the distribution over 

amplitudes c,f betatron oscillations follows the Raleigh law: 

a 

F(a) = _a_e- 2(i) 
( a2} . 

(14) 

Thus, for injection with P d = P p' only the non-relativistic part of the 

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

2.6. Lul'linosity. One can estimate the luminosity (L) for deuterons 
assuming tt at 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- N2, (15) 

where N i~ 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 c fUNK operation in the deuteron mode. The results are given in 
the table compared with the proton variant. For deuterons, there are only 
values of thme parameters that differ from the proton variant. 

The em rgy of injection into booster was calculated with the given 
minimum re,·olution frequency of protons/P = 0.7467 MHz. Thus, the field 

induction at injection could be found from (I) and (2). The maximum 
number of particles in a circulating beam, determined by the shift of the 
frequency oi' axial free oscillations due to Coulomb repulsion, can be 
calculated in accordance with (9) by the formula (I 0 I 

N = :i Y ir! - I) I d 
d r 2 -N 

d Yp(Yp- I) /P p' (16) 
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Table 

LINAC Protons Deuterons 

Output energy (MeV) 30 60 
Current pulse amplitude (rnA) 67 76 

BOOSTER Protons Deuterons 

Final energy (kinetic) (GeV) 1.5 1.05 
Intensity in pulse (particles/cycle) 9xl011 I. Ox 1012 

Circulating current (rnA) 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) l.lx1013 1.2xl013 

Circulating current (rnA) 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-11 (colllder mode) Protons Deuterons 

C.m.energy (TeV) 2.2 2.19 
Full required Intensity (particles/cycle) 2.4xl014 6x 1013 

Circulating current (rnA) 554 139 
Luminosity (cm-1 s-1) 1x1032 6x1030 

Transition energy <GeV) 42 84 

UNK-1 Protons Deuterons 

Maximum energy <GeV) 600 599 

collldermode 400 399 
Planned Intensity (particles/ cycle) 6xl014 1.5x 1014 

Circulating current (rnA) 1385 347 

UNK-11 Protons Deuterons 

Maximum energy <GeV) 3 3 
Planned intensity (particles/cycle) 6xl014 1.5x1014 

Circulating current (rnA) 1385 347 

UNK-11 and UNK-III (colllder mode) Protons Deuterons 

C.m.energy (TeV) 6 6 
Full required intensity (particles/ cycle) 2.4x 1014 6xl013 

Luminosity (cm- 1·s- 1) 2.8x1032 1.7xi031 
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where r P and r d are the classical radii of the proton and deuteron. It is 

assumed tha' the permissible frequency shift, beam emittance and bunching 
factor are tht: same in both cases. The estimation was done with the energy 
of injection i 1 the facility. The decisive factor for the beam intensity in the 
whole chain of accelerators of the complex (linac, booster, U-70, UNK-1, 
UNK-11) is the maximum number of particles attained in U-70 now. Yet, 
after the upd.tting 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 a1·e the same for protons and deuterons and have the values 
achieved at present. 

The inte 1sity of the circulating beam is 

I = eN/,/ 
c q ' 

(17) 

where q is the ratio of the accelerating field frequency 1,1 to the particle 

r.evol u tion frequency. 
As the gi ten magnetic rigidity of the rings ( Bp) one determines the final 

energy of ac< elerators in accordance with (1), the revolution frequency by 
(4) and the ransition energy by (8). A new thing, as compared with the 
proton variartt, is the transition energy in the range of UNK-1 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-knoun formula ( 11 ]: 

Ecm. = c2 v (m~l + m~2 + 2motmo2YtYi 1 -/3/32)), 0 8> 

where m01 , m02 are the rest masses of particles; {3 1, {32 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-1 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 c f the complex can surely be matched. 
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4. Technical Realization 

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

The only facility to be built is a linear accelerator for deutt:rons to inject 
them in the booster. As is known, however, while making lJ-70 into an 
injector of the UNK, one intends to increase the injection energy from 
30 MeV to 60 MeV I 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 experienc~ of ~HEP in 
designing a heavy-current linear accelerator for deuterons I 12 ). 

Besides, it is necessary to allow for a system for ov,!rcoining the 
transition energy in the UNK-1. The final considerations for selection of its 
parameters will be formulated later in the course of elabo:·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 develo :>ment of the 

necessary ion sources and upgrading of several systems of the complex, 
especially the injection section, the beam indication systf m and some 
others. Suitability of this programme and the rate of its implementation 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 1 o develop the 
relevant techniques and technologies in advance. 
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Fragmentation reactions analyzed by means of the projectile fragm~:nt sepa­
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bourhood of 100Sn to be Identified and their decay properties studied. Prelimi­
nary results of the first experiments performed with the 112Sn beam an presen­
ted. The first identification of 102Sn and confirmation or"an existence of 

101
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open new possibilties In the study of nuclei close to 100Sn. 
The joint investigation has been performed at GANIL by the collt boration 
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I. Motivation 

Studies of doubly-closed-shell and neighbouring nuclei are obviously 
important for testing and further development of nuclear models. Such 
studies of r uclei far from stability (I ) have additionally an astrophysical 
c~ntext. Reliable predictions of nuclear structure and disintegration rates, 
especially f,lr the Gamow- Teller <GT> beta decay, are crucial for under­
standing th ~ 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 th1: interest of several other experimental and theory groups, in the 
100Sn region. Let us recall that 100Sn 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 exr,eriment (the next one would be 164Pb, presumably well beyond 
the proton-drip line). With the shell-model energy gap, that may be here as 

high as 6.5 lvfeV, the closed-shell properties of 100Sn are expected to be well 
pronounced. 

. The shell model picture of the beta decay in the 100Sn region is extremely 
simple. This decay is strongly dominated by one channel, the :ng912 .... vg112 

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

The lar;~e distance of 100Sn from the line of stability is reflected in the 
decay eneru QEC which is predicted to be 7 to 8 MeV. For some of the 

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

of the total <JT strength can be observed. Beta-delayed proton emission be­
comes possihle. 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 1ssociated with the transformation of a g912 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 deCly of nuclei in the 100Sn region has been investigated in several 
experiments on beta decay using the on-line mass-separators at GSI Darm-
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I stadt, ISOLDE CERN and LISOL Leuven. However, HX>sn he s not been dis­

covered. Progress towards this nucleus using on-line mass-s !para tor 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 efficiencr caused by the 
short half-lives of investigated nuclei. Obviously, new prodldion 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,! 100Sn region 
using the fragmentation reactions and LISE3 projectile fragment 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 100Sn. Thee> pected increa­

se of the production yields is mainly due to the use of 112Sn 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 10 'Sn 

A section of the chart of nuclei near 100Sn is displayed in Fig. I. The last 
decays with unambiguously measured half-life in the vicinity (Z :S 50) of 
100 103 100 3 0 Snare those of So (T112= 7 ± 1.5 s), In (T 112= .5 ± .7 s) and 

98Cd (T112= 9.2 ± 0.3 s). 

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 experinentally inclu-

ding the lightest one known so far- 106Te. Recently, the Berkeley group 

presented an evidence for the ground-state proton decay of 1115Sb [4 ). 

3. Experiment 

In the experiment performed at GANIL (26 Oct. - 4 Nov., 1993) we 

used 112Sn43+ beam at 58 MeV/nucleon impinging on a 78 mg/cm2 thick 

"
81Ni target. The mean intensity of the primary beam was about 130 enA 
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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/ cm2 thick car­
bon foil pla.:ed just behind the target decreased a width of the charge state 
distributioo in this way that about 90% of all tin isotopes were produced in 
the 48+ antl49+ charge states. 

The experimental device used to select the exotic nuclei was the LISE3 
spectromett:r (5 ]. 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 i<tns 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 Ll~ E to ± 0.1 %. 
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Fig.2. Schematic view or the experimental set-up 

A schematic view of the experimental set-up used in the p1·esent 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 (El, E2, E3, E4) 
providing energy-loss (aE) and total-kinetic-energy (TKE) measurements. 
Furthermore, we measured the Bpi and Bp2 values of the iipoles with a 
nuclear magnetic resonance probes, and the time-of-flight <TOF) between 
the target and the telescope, the start signal being.given by tile .first silicon 
detector El, and the stop by the radiofrequency of the last 3ANIL cyclo­
tron. Two removable silicon detectors DED4 and ED4 and 1wo removable 
position-sensitive avalanche counters XYl and XY2 were usei for a fine tu­
ning of reaction products along the LISE spectrometer. Four l:ig (80-90%) 
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•)F) measure­
ments according to the Bethe formula: 

Z- V M/ (J In ( 5930 ) - t). 
l.j32 l/ p2- 1 

(1) 

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

non-existence of 8Be on the AI Q = 2 line and other equal-A/ Q alignments. 
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tt e experimental data at Bp = 1.98835 Tm with the use or rormulae 
( ) and (2), respectively 

The Z spectrum obtained in the experiment for a tin region in presented in 
an upper part of Fig.3. 

The ch~.rge state Q of each isotope can be calculted from the relativistic 
formula: 

Q = 3.33· 10-3 TKEP;' 
Bp(y-1)' 

where the TKE has dimensions of MeV. 

(2) 

The TKE is calculated as a sum of energy losses in each silicon detector. 
A very careful energy calibration of El, E2, E3 and E4 detectors was done 
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Fig.4. Mass distributions ror tin isotopes for selected charge stat!S Q at 
Bp = I. 98835 Tm 

using the primary 112Sn beam of five different energies. Thi! calibration, 
which is valid in the energy region corresponding to the expe< ted 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: 

BpQ 
A= 3.105 ,8y' (3) 

Since the charge resolution was sufficeintly good (see a bwer 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 b) putting the 
~Q = 0.5 wide windows on the Q =50+, 49+ and 48+ charge: 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 
102Sn are clearly visible. It is a first observation of this tin isotope. In the 

second of· hese distributions, four events due to 101 Snare present. 
The a hove results were obtained at Bp = I. 98835 Tm which was chosen 

after test rneasurements performed at several Bp values. The above spectra 
represent Uatistics obtained after about 30 hours of measurement with a 
mean inteusity of primary beam of about 80 enA. 

The cc,mplete data evaluation which includes the analysis of beta-gated 
gamma spt:ctra, is in progress. 

5. Co1tclusions 

The first GANIL experiment with the 112Sn beam, aiming at an identi­

fication and studies of nuclei near 100Sn, brought promising results and an 
important t~xperience. With this experience, after an upgrading of the expe­
rimental stt-up (adding SISSI solenoids right after the CSS2 and a new 
dipole mag,tet at the end of USE3), there will be a good change to identify 
100Sn unambiguously and to start the decay spectroscopy in this region of 
highly neutron-deficient nuclei. 

The eXJ>erience gained during such studies and the detection equipment 
which will he developed will also be used at the Warsaw Heavy-Ion Cyclo­
tron Laboratory coming into operation in I994 and also in the future Radio­
active Nuclc~r Beam ISOL-type facility <SPIRAL). 
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