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K.pamJCue CoOOiJ¥!1tUJI OHHH N.l4{67}-94 

Y,QK 539.17 

QUASI -CLASSICAL DESCRIPTION 

JINR Rapid Communications No.4[67]-94 

OF ONE-NUCLEON TRANSFER REACTIONS 
WITH HEAVY IONS 

S.I.Fedotov, V.K.Lukyanov 

The heavy- ion one-nucleon transfer reactions are considered using the dis­
torted waves obtained in the framework of the high energy approxim tion 
(HEA) method in the three-dimensional quasi-classics. The bound state nucleon 
wave function is presented in a form of the derivative of the Fermi function. The 
cross section is obtained in the analytic form, showing the main physical features 
of the reaction mechanism. The results of calculations are in good agreement 
with experimental data. 

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

Ksa3HKJiaccHqecKoe onHcaHHe o~HOHYKJIOHHhiX nepe~aq 

B peaKIJ;HSIX C TSI:1KeJihiMH HQHaMH 

CJ1.<I>e~oros, B.K.JiyK&SIHOB 

PaccMaTpHIIlUOTCll OAHOH)'KJIOHH&Ie nepeAa'IH 11 peaK~HliX c TliJKeJI&IMH 
HOHaMH C HCUOJib30BaHHeM HCKaJKeHHblX IIOJIH, OOJIY'IeHHblX II paMKax M TO]Ia 
llbiCOK03HepreTH'IeCKOI'O npH6JIHJKeHHll (B3TI) II TpexMepHOH KBa3HKJiaCCH­
Ke. BOJIHOBall <f>yHK~Hll Cllll3aHHOI'O COCTOliHHll H)'KJIOHa llbi6HpaeTCll II IIH]Ie 

• npoH3BO]IHOH OT <f>epMH-<f>YHK~HH. }J;H<I><f>epeH~HaJibHbie Ce'leHHll UOJiy'laiOT­
Cll II aHaJIHTH'IeCKOM IIH]Ie, 'ITO U03BOJilleT UOHliTb OCHOIIHbie CIIOHCTBa Mexa­
HH3Ma peaK~HH . PeayJI&TaTbl paC'IeTOII HaxO]IliTCll II XOpoWeM COI'JiaCHH C 3KC­
nepHMeHTaJibHbiMH ]laHHbiMH. 

Pa6oTa llbinOJIHeHa II JlaoopaTOpHH TeOpeTH'IeCKOH <f>H3HKH HM.H .H .Iioro­
JIJ06oBa OIUIH. 

1. Introduction 

The traditional consideration of the high-energy transfer reactions with 
heavy ions is based on a partial wave representation of the in- and out-dis­
torted waves. To this aim, at energies of several dozen MeV per nucleon, it 
is necessary to numerically calculate a lot of partial waves which introduce 
both the hard numerical problems and difficulties in searching for the 
physics of the reaction mechanism. To avoid these difficulties, we apply the 
REA-method developed for calculations of the three-dimensional quasi-clas­
sical wave functions and for the corresponding matrix ele~ents with these 
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functions included [1 ,2 ]. The method can be applied under the conditions 
kR » 1, E » V and () > () e I VI IE, where () is the classical deflection c c 
angle. This latter is introduced to include distortion of the straigt-line 
trajectories of motion, the important point in investigating the heavy-ion 
collisions. On the whole, this gives us the possibility of avoiding complicated 
numerical calculations and obtaining, in the framework of the DWBA, ana­
lytical expressions for qualitative physical estimations and for a quantitative 
comparison with experimental data. 

2. Differential Cross Section 

For simplicity, we consider the reaction a + A -+ b + B with transfer of 
a spinless x-particle when the corresponding cross section and the ampli­
tude in the zero-range approximation are as follows: 

where 

da mamp ~ 2JB+l s, - 2 
dO = ,.,_"'2,2 ka (2JA+ 1) (2Ja+ 1) t 21 + 1 11fl ' 

Tf =- D0 f dr~->· (r) ~+>(r) ffl~r) ~(~, 

D0= 8Jr V(mah
2
12mxm1/t:xb 

(2.1) 

(2.2) 

• 
depends on the structure of an incident particle, Exb is the separation energy 

and ffl~r) is the radial wave function of the x-particle in the final nucleus B. 

The latter has the asymptotic behaviour exp (- k1 r)lr and goes to the con­

stant as r-+ 0. We have emphasized that the main effect in heavy ion reac­
tions comes from the region near the interaction radius. This means that the 
behaviour of the function ffl1 at r « R is of no importance, and one can 

select it in the form 

~ dfs(r, R, a1) 
ffl~r) = -r- dr ' (2.3) 

where .nhR Sl -a, 1 
Is = ---:Ro----=---r 9! r - R 

cosh-+ cosh- 1 + exp--
a1 a1 a1 

(2.4) 
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is the symmetrized Fermi function having the asymptotics exp (- k t r) I rand 

being a constant at r = 0; the function (2.3) is normalized to 1, and the 
«diffuseness» of the transition region is to be taken at= 1/kt, where kt = 

= V 2m xe / h2 with e t' the separation energy. 

Inserting (2.3) into (2.2), we get the amplitude of the typical form inhe­
rent in HEA. Moreover, here we can use the quasi-elastic approximation 
because the loss of energy in the reaction is comparatively small and 
Ea e E{J. Thus, the QC-distorted waves are calculated as in the elastic 

channel. The product 'P~-)• ~ +) has the following form [ 1, 2 ] 

'1-)• 'P~+) = exp (i <i>), (2.5) 

where 

a>= 2ao+ pp. + nlp.2+ c,p.3+ 

+ n2(1 - p.2) cos2 ~ + c2 p. (1 - p.2) cos2 ~ (2.6) 

and p, c and n are expressed through r, parameten of the pot~ntials, 

a = sin (0/2), and ace 2~ [V(R1) + Vc(R1) + iW(R1) ], taken at the radius 

R
1 
of the external limited trajectory of motion. For example, 

p = qr = qefr + 2kdar; qef = 2k(a- a c); 

k,=- [B'+iBW+Lf'[3- ~)]• (2.7) 

where 

w wo 
B =-· 

hv' 

The other functions in (2.6) are done in [1 ]. 
We can see that now the integrand (2.2) contains in the exponent a 

typical power dependence on the variables r and p.. Keeping in mind that 

dr = - ?drdpc¥, we first integrate in (2.2) over dp. by parts 

+I 

It= f tip exp (i4>) Y «>e 
-I 

e - i [ex~ (i4>) I - (- )t ex~ (i4>) I l y (1 ), 
iJ4>/ iJp. +I iJ<I>/ iJp. + 1 lO 

7 
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neglecting the second term having the smallness ( kR)- 2
. The result is 

._,U+T 0 - 0 ..() l 
11 = -z v ~exp(2za0+ zn1) [1'+- (-)/(-)]; 

f.±)= exp [± icfl + c1)] • 

.s 2-' 
~(±) + u(±) COS I{J 

(2.9) 

~(±) =if+ 3c1 ± 2n1; d(±)= 2(n2 ± c2). (2.10) 

Then, the integration over dip can be performed with the help of a table 
integral. Thus, we can write the amplitude (2.2) in the form of a one-dimen­
sional integral [ 1 ,2 ]: 

- 0- co df 
~r = -iD

0 
VM:a

1
(2l + 1) e

1
2a0 f _ds {F+)(r)- (-)1F-)(r)}dr,(2.11) 

o r 

where 

_l±)(r) = exp [±+ i¢±] = exp [± i~± ]; 
L-

~±= rp±-lnL±; A.±-! +f 2+/ 3. ., - 1 r - 2r 3r ' 

L ~,;, ..; (/1 + f4r + fsr2) (/1 ± f6r + /7r2) 

with/, the functions of parameters of the potentials, a and a c= 

(2.12) 

(2.13) 

! 1 = 2k (a - a c)- 2(BY + iBw + 3Bc) a; 
(
By 0 Bw) 

/2= Ry + z Rw (1 - a2); 

· 2Bc( 2 
/ 3 = -- 1- -a2)a· 

R2 3 ' 
c 

- 2Bc (1 - 2a2) a; Is - R2 
c 

(
By BW) 2 1 =2-+i-a· 

4 R R ' y w 

(
By Bw) 

/6= 2 Ry + i Rw (1 - 2a2); 

2Bc 2 
/7= -2 (5 - 6a ) a. 

Rc 
(2.14) 

Integrals of the type (2.11) can be caclulated in the analytical form if 
one uses the second order poles on the complex r-plane of the derivative 
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df/ dr in the region of the nuclear surface at r~ = R ± tn: (2n + 1) a1, 

where n = = 0, 1, 2 ... It is easy to show that the main contribution to (2.11) 
is coming from the two poles closest to the real axes of r. Then, the final 
expression for the differential cross section is as follows: 

(2.15) 

Thus, we can conclude that here we have the general expone tial dec­
rease at angles () > () c' depending on the acting thickness a1 in t e region 

of the surface of transition [3 ]. The magnitude of the cross section is 
determined by the slope of a «tail>> of a bound state function in the final 
nucleus B. 

3. Conclusion 

Figure 1 shows calculations (solid line) and comparisons with experi­
mental data (squares) from [4 ]. We can see that the differential cross 
section is decreasing with the angle of scattering as an exponential function 
with a slope determined by the thickness parameter a1 characterizing the 

corresponding form factor behaviour in the surface area of interaction. In 
Fig.1, the solid line corresponds to a1= 0.4 fm. The spectroscopic factor was 

taken to equal 1. The other parameters are V0= 50 MeV, W0= 19 MeV, 

r0v= row=roc =rot= 1.2 fm. 

In our calculations the absolute values of theoretical cross sections are 
presented. The absolute values of the cross sections and their form strongly 
depend on the imaginary part of the complex potential. In the case of a 
potential when w0 is very small, the main part of differential cross section 

- exp (- ma1 k (E> - E> c)) cos2(kRE>) for even I (solid line in Fig.2) and 

- exp (- ma1 k (E> - E> c)) sin2(kRE>) for odd I (dashed line in Fig.2). We 

see that the cross section is decreasing with the angle of scattering as an 
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Fig.i . The transfer r~ction cross sections: 11C + 17 AI-+ "B + 11Si; E =50 MeV /n, 
exp. data (squares) from [ 4), solid lines- theory 

exponential function and simultaneously oscillates. The oscillation with 
even l are out phase with those with odd l. The solid line with stars 
corresponds to W0= 10 MeV, when the oscillations start to appear. 

We can summarize that investigations of heavy ion collisions in the 
quantum region of scattering angles e > e c' outside the limited trajectories 

of motion, are very sensitive to the precise structure of a nuclear-nuclear 
interaction. For instance, the slope of the curves withe feels the «thickness» 
of the acting region in the corresponding channel. It may be used also for 
searching the «halo» distributions of nuclei in the radioactive beams which 
now become available. We hope that the HEA-method suggested can be suc­
cessfully used in both the qualitative and quantitative analysis of direct 
reactions. 
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Y ,D,K 539.172.17 

JINR Rapid Communications No.4[67 }-94 

ON ELASTIC AND INELASTIC HEAVY ION SCATTERING 
IN THE HIGH-ENERGY APPROXIMATION 

V.K.Lukyanov, A.V.Embulaev•, V.P.Permyakov 

U sing the high-energy approximation method for the three-dimensional 
quasi -classics, elastic and inelastic cross sections of heavy ions at large angles 
are calculated. The role of the deflection angle introduced in the theory and of 
the parameters of an interaction is discussed. The corresponding amplitudes are 
obtained in analytic forms and a good agreement with experimental data is also 
obtained. 

T he investigation has been performed at the Bogoliubov Laboratory of Theo­
retical Physics, JINR. 

Ynpyroe H aeynpyroe pacce51HHe T51)f(eJihiX HOHOB 
B BhiCOK03HepreTH'lleCKOM DpH6JJH)f(eHHH 

B.K.JiyKh51HOB, A.B.EM6ynaeB, B.n.nepM51KOB 

,l),HqxpepeHU.Hll.1lbHble Ce'leHHll ynpyroro 11 Heynpyroro paCCeliHHll TliJKe­
JibiX HOHOB Ha liApax paCC'lHTaHbl Ha OCHOBe BbiCOK03HepreTH'lCCKOI'O npH6JIH­
JKeHHll AJill KBa3HKJiaCCH'leCKOI'O paCCeliHHll B llOJie KOMnJieKCHOI'O llOTeHU.Ha­
JI~. IJpoaHll.1JH3HPQBaHa ponb OTKJIOHeHHII TpaeKTOpHH OT npliMOH JIHHHH. AM­
nJIHyYAbl pacceliHHll llOJIY'leHbl B aHll.1JHTH'leCKOM BHAe. ,l),OCTHI'H)'TO XOpornee 
COrJiaCHe pe3yJibTaTOB paC'leTa C 3KCnepHMeHTll.1lbHblMH AaHHbiMH. 

Pa6oTa BblnOJIHeHa B Jla6opaTOpHH TeOpeTH'leCKOH !j>H3HKH HM.H.H.lioro­
JIIOOOBa OIUIH. 

1. In t roduction 

Elastic and inelastic scattering of alpha-particles, light and heavy ions 
on nudei at energies E » V i.S very sensitive to the parameters of an 
interaction potential and also to the detailed behavior of the structure char­
acteristic such as the density distributions, transition matrix elements and 
so on. Indeed, in this case the corresponding wave length A. is much smaller 
than typical dimensions of a nucleus, the radius R and thickness a of a 
boundary of the nuclear interaction. Moreover, a specific problem appears at 
large scattering angles when the cross section is as a rule exponentially 
decreasing because the sets of partial wave decompositions become the sign-

*Saratov State University, Saratov, Russia 
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alternative ones and, therefore, one needs to keep in the computer memory 
a lot of partial phases. One of the ways to decrease these difficulties is to use 
one-dimensional quasi-classics for calculating the partial phases and then to 
develop special methods of summing up the corresponding partial sets [1 ]. 
However, the initial conditions E » V, kR » 1 may be used themselves for 
developing the approach where it is not necessary to use the partial wave 
expansion for the elastic and inelastic scattering amplitude. In particular, 
the method was developed based on three-dimensional quasi-classics that 
operates not with the one-dimensional partial waves but directly with the 
theree-dimensional action function [2-4 ]. A deflection of the classical 
trajectory of motion on the straight line is included which plays an important 
role especially in the case of the heavy-ion scattering. We have used the 
realistic complex nuclear and Coulomb potentials and made comparison 
with experimental data obtained for the heavy-ion beams at energies about 
one hundred MeV per nucleon. Below we apply this method to the processes 
of elastic and inelastic scattering 

2. Elastic Scattering 

Heavy ion elastic scattering at energies larger than several dozen MeV 
per nucleon is just the process to which the method mentioned above can be 
adjusted. To this aim we use the elastic scattering amplitude obtained in [3] 
for large angles (} > ( 1 I kR) and (} > (} c e: (I V I I E) covering in practice a 

wide region of scattering angles 

where [2] 

<l>(±) = -1v j [VN(v' p2 + A_2) + Vc(v' p2 + A.2) ]d A., (2.2) 

and the potentials 

:j:Z 

VN = V + iW = V0fv (r) + iW0 /w(r), 

13 
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Z 1Z 2e2 P,(x)dx 
Vc= R I lr-YI' P,=Prf,(r) 

c 
(2.4) 

with the charge density distribution p ,(r) and the effective momentum 

transfer qef = q - Q,, where q lq,, qef = 2k(a -a,), a = sin(0/2), and 

a, 2! 2~ [V(Rt) + V,(Rt) + iW(Rt) 1, taken at the radius Rt of the external 

limited trajectory of motion. All the distribution functions are taken in the 
form of the Fermi-function 

f(r) = ~ 
P 1 + exp a 

p 

(2.5) 

Thus, the scattering amplitude consists of three terms: 

Tel= T:1 +iT~+ T~1. (2.6) 

Substituting (2.4) into T ~1 we obtain the 6-dimensional integral. It can be 

transformed to the 3-dimensional one if one expands the phase <I» in 
u = r - x and then integrates over du [51 

2 
I m - ZIZ2epo 

T~ = - --2 I d rv,(r) exp {i <I» (r)}, v,(r) = 2 f,(r), 
. 'brh. qeRC 

<l»(r) = qefr + <l»(r), (2.7) 

where qe 2! qef' and v,(r) plays the role of a quasi-potential of scattering on 

a spread nuclear charge. Now each of the terms of the scattering amplitude 
(2.6) has the same form: 

t m -
T; = - 'brh2 I d rYPfp(r) exp {i <l»(r)}, (2.8) 

where YP is the «strength• of the corresponding part of the whole potential. 

It ~as been shown in [2,4 1 that in calculating the whole quasi-classical 
phase <I» one may limit oneself to the step nuclear potential and the inside­
of-R part of a Coulomb potential. In this case the phase has a rather simple 
form with a typical power dependence on the variables of integration r, 
!l = cos 8 and cos -,. It is written as follows: 

14 



2 2- 2 2-+ n2(1- 1J. ) cos rp + c2 !J.(1- IJ. ) cos rp, (2. 9) 

where lf, c and n are expressed through an. For example, 

iJ = 2k(a - ac)r + p; 

Now, keeping in mind that dr = -r2drd !J.d lp, one can integrat in (2.8) 
over d!J. by parts 

+I - ex (i<i>) I +I 
1 = f d 1-l exp [i<I> (r, !J., ~) 1 = - i a~ Ia # + 

-1 . - 1 

- a2if, I a 2 
+if d!J. exp (i<l>) - IJ. 2• 

(iJ<P/iJ IJ.) 
(2.11) 

neglecting the second term, having the smallness ( kR)- 2. The result is 

(2.12) 

(2.13) 

Then the integration over dip is performed with the help of a table integral. 
Thus, we can write the amlitude (2.8) in the form of a one-dimensional 
integral [2 ]: 

• 00 

Tel= lm Y J f (r){F(+)(r)- p(-)(r)}dr (2.14) 
p li2 p 0 p p p ' 
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where 

(±) r exp[±i(qr + c1)] exp[i(2a0 + n1 ] 
F (r) = -L( ) p q ± 

1 
L(±) = lJ.; A(±)(A(±)- <5(±)). (2.15) 

Integration in (2.14) can be done [2,4] if one uses the properties of the 
Fermi-function, which has poles r~±) = R ± ina(2n + 1), (n = 0,1,2 .. ) on 

the complex r-plane. In practice, for the typical nuclear parameters it is 

enough to take into account only a couple of poles rr) = R ± ix0 nearest to 

the real axis («two-pole approximation»), because every next pair 
contributes approximately an order smaller than the previous one. Then, we 
have 

Tel= - im y 2Jria [F (+)(r(+)) + p(-)(/-)) ]. 
p h2 p 0 0 

(2.16) 

Substituting into (2.16) the corresponding poles one can easily find that the 
amplitude, roughly speaking, behaves as an exponential function, 
depending on the exponent -2Jrak sin 8/2 and oscillating with a frequency 
as a function of the radius R. 

3. Ine lastic Scattering 

For calculating the inelastic scattering of light and heavy ions with 
excitation of the collective nuclear states we have used DWBA with the 
relative-motion QC-wave functions whose phases are calculated as it is 
shown in Sec.2. The energy change in the out-channel is neglected since 
usually Eex «E. The transition interaction is constructed as usual with the 

help of derivatives in small quadrupole and octupole additions 

<5R = R L aiMY~('?y to the radius of a potential in the elastic channel. 

The result for the amplitude is the same as if one uses the sudden 
approximation 

Tin= (JIM! I r:1 +iT:}+ T~1 1 JiMi), (3.1) 

where 

r;1 = - 2Jt:2 I drY jpCr,R + <5R)'P(-)•w(+) (3.2) 
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is the operator, depending on the internal nuclear coordinates a LM. Then, 

substituting (3.2) into (3.1) we get 

(3.3) 

where 

Transforming the structure matrix element in (3.3) through the reduced one 
and using the definition of B ~ (EL)-transition, one can write the inelastic 
cross section: 

da _ (21/+ 1) 1 BHEL) -in 2 
dQ - (21. + ~ (2L + 1) L Dz 1 T LM 1 (3.5) 

t LM L 

with 

(3.6) 

One can show that all the terms with M :;t: 0 may be neglected because of the 
additional fast oscillations in integrands as compared with the term M = 0. 
Then, the principal difference of the inelastic amplitude from the elastic one 
appears in integral over dfJ., because now in the upper and lower limits 
fJ. = ± 1 we have to take into account the relation 

(3.7) 

which changes the sign of the second term in the inelastic analog of eq. (2.14) 
for odd L. Indeed, using the relation d!P I dR = - dfp I dr, we get: 

- . • 
00 df 

T tn = - tm Y Y (1)R f dr ~ {p(+)(r) - ( -1)LF(-)(r)}· (3.8) 
P hz P LO o dr P P 

This integral can be calculated in an analytical form if one uses the second 
order poles on the complex plane of the derivative dfl dr. However, we show 

another way. Indeed, bearing in mind that the p(±)_functions rapidly 
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oscillate with increasing r because of the exponent qr » 1, one can integrate 
in (3.8) by parts 

oo df . + oo dF ( ±) 1 
f _:_p_ p(-)dr = - f I __2_ dr- 0 (-2). 
0 dr P 0 P dr (qr) 

(3.9) 

So, substituting (3.9) into (3.8) we get a form like (2.14) for elastic 
scattering with some additions in the integrand, namely, the factor qR and 

the multiplier ( -1 )L before the second term: 

• 00 

Tin= tm2 Y YLO(l)Rq J drf (r)(F(+)(r)- (-)L p(-)(r))· (3.10) 
p hp 0 p p p 

Subsequent calculations are the same as in the case of elastic scattering, 
using the two-pole approximation. 

4. Conclusion 

Calculations of differential cross sections for elastic and inelastic 
scattering wtthin the two-pole approximation are presented in Figs.l and 2 
in comparison with the experimental data from [6 ]. One can see a rather 
good agr~emen t in the. range of sea ttering angles 8 > 8 c 5!! 2 • in coincidence 

with the initial assumptions of the HEA-method. For each set of colliding 
nuclei we got the same interaction parameters for elastic and inelastic 
channels excluding the absorption w0 that occurred to be about 10% as 

small as that in the elastic channel. The depths of potential wells are in 
c"' 

foo·l 
~"" "" ~ ~J \,_,..., "" E 10 ' 

170 +60 Ni , 0+60 Ni ~ 
c 

2 •. 1.3J ljeV ~ 
b 

10. 
1J 10 l ,-LL 

10 i V\ 
• •• '!) c .m . 

10 

10 ... 
0.00 4.00 8.00 o.6o 4.00 8.00 0.00 4.00 8.00 

Fig. I. The heavy ion elastic and inelastic cross sections J 70+60Ni; Elab = 1435 MeV; exp. data 

from [6]; solid lines- theory 
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limits of V0 = 60-70 MeV and w0 =5-6 MeV, the B(EL)-transitions 

obtained are approximately twice those cited in [6 ]. The most interesting 
result is that the thickness parameters for inelastic channels are about two­
three times as small as those for elastic channels, where we have 
ael = 0.55-0.6 fm. This might signify that in collective excitations of nuclei 

not all the particle states take part in forming the transition matrix elements. 
Otherwise, in elastic scattering the «tail• of a potential is formed from the 
whole set of one-particle states. It is easy to see from (3. 1 0) that the 
oscillating part of the amplitude as a function of the scattering angle is the 
cos- or sin-function depending an L-even or odd, respectively. In this case 
the cross section will have visible oscillations which coincide for excitations 
of the even collective states in their phases with the elastic scattering 
oscillations. We can summarize that investigations of heavy ion collisions in 
the quantum region of scattering angles (} > (} c' outside the limited 

trajectories of motion, are very sensitive to the precise structure of a nuclear­
nuclear interaction. For instance, the slope of curves with (} feels the 
«thickness• of the acting region in the corresponding channel. This may be 
used also in searching for the «halo• distributions of nuclei in the radioactive 
beams which now become available. We hope that the HEA-method 
suggested can be successfully used in both the qualitative and quantitative 
analyses of scattering processes and direct reactions. 

The authors are grateful to Dr.R.Roussel-Chomaz for providing the 
tables on elastic and inelastic scattering data. 
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EXPERIMENTAL STUDY OF FISSION AND EVAPORATION 
CROSS SECTIONS FOR 6He + 209Bi REACTION 

A.S.Fomichev, !.David, Yu.P.Kharitonov, S.M.Lukyanov, 
Yu. Ts.Oganessian, Yu.E.Penionzhkevich, V .P .Perelygin, N .K.Skobelev, 
O.B.Tarasov, R.Wolski 

Secondary beam of 6He neutron- rich nuclei was produced through a transfer 
reaction on the carbon target with 35.5 MeV /u 7LiJ?rimary beam at the U -400M 
cyclotron. The influence of the neutron skin of He projectile on the fusion­
fission and fusion-evaporation cross sections in the reaction with 209Bi target was 
investigated. The 211 At a-activity following the 209Bi (6He, 4n) reaction as well 
as fission events in the 209Bi(6He, /) reaction have been recorded by off-line 
methods. These results are compared with Olis and a4n obtained in the 
4He + 209Bi reaction. 

The investigation has been performed at the Flerov Laboratory of Nuclear 
Reactions, JINR. 

3KCnepHMeHTaJibHOe H3ylJeHHe CelJeHHH AeJieHHSI H HCna­
peHHSI B peaKIJ;HH 6He + 209Bi 

A.C.<l>oMH'IeB HAP· 

8TOpH'1Hb1H ny'IOK HeHTpoHOHWbiTO'IHbiX ll]lep 6He 6&IJI DOJiy'leH B 
peaK~HllX nepe]la'IH Ha yrnepo]IHOH MHWeHH C HC00Jib30BaHHe ny'IKa 
35.5 MsB/HyKJioH 7Li Ha ~HKJIOTpoHe Y - 400M. HcCJie]IOBllJIOC& BJIHIIHHe HeH­
TpoHHoro CKHHa 6He Ha Ce'leHHll ]leJieHHII H HCnapeHHII nOCJie CJIHIIHHII B 
peaK~HH Ha 2098i MHWeHH. AJit4Ja-aKTHBHOCTb ll]lep 211 At, B03HHKaiO~HX B 
peaK~HH 209Bi(6He, 4n), a TaK>Ke OCKOJIKH ]leJieHHII B peaK~HH 209Bi (6He, /) 
pemCTpHpollllJIHCb MeTOJIOM Off- line. 3TH pe3yJI&TaTbl CpaBHHBaiOTCII C Gfis H 
G4n,, OOJiy'leHHbiMH B peaK~HH 4He + 209Bi. 

Pa6on s&monHeHa s Jia6opaTOpHH IIJiepH&IX peaK~HH HM. <l>nepooa 
mum. 

1. Motivations 

The neutron skin of the nucleus has been one of the central issues of 
nuclear structure and its existence has remained an open problem for 
decades. The neutron skin has been studied in detail for stable nuclei with 

large neutron excess such as 48Ca and 208Pb. However no significant 
difference in the radii ·between proton and neutron distributions has been 
observed in these nuclei [1 ). It is only recently that the neutron skin for 
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radioactive neutron-rich nuclei such as 6He and sHe has been seen 
experimentally and a very thick neutron skin was found [1]. The rms radius 

difference for both nuclei was found about 0.9 fm, but if for sHe it is not due 
to the neutron halo (the separation energy of a pair of neutrons is 2.1 MeV), 

for 6He it is more arbitrary to say whether it is due to the neutron halo or due 
to the skin because the separation energy of the last two neutrons is 0.97 

MeV. For 6He radioactive nuclei there appears an interplay between the skin 
and neutron halo effects at energies around the Coulomb barrier. 

The neutron skin is expected to have a prominent effect on nuclear 
reactions, for instance, the fusion reactions. The neutrons in the skin are 
expected to have more mobility than neutrons in normal nuclei , because: 

i) A more gradual potential near the surface yields less reflection of 
incoming waves; 

ii) A mean free path of a neutron can be longer due to lower density. 

The soft dipole mode [2) is expected to occur in nuclei with the neutron 
skin. Combining the above effects, one can expect that such fast flow of 
neutrons, which can be viewed as «neutron avalanche», should occur, 
enhancing the reaction cross section. Takigawa et al. [3 1 define the fusion 
cross section as the sum of the incoming particle plus that of the break-up 
channel, but the role of the break-up channel is very contradictory. Hussein 
et al. [4] argue that the coupling to the break-up channel would seriously 
inhibit the total fusion cross section. Dasso and Vitturi in a recent 
theoretical work [5] have predicted that inclusion of the break-up channel 
leads always to an enhancement of the fusion cross section at energies close 
to the Coulomb barrier. 

The investigation of the role played by the neutron skin of 6He and its 

influence on the fusion cross section in the reaction with 209Bi is the main 
motivation for this paper. The fusion process has been identified through 
the deteCtion of the delayed a-particle emitted by the decay of the ground 

state of the 211 Po obtained from {J-decay of 211 At evaporation residue 
populated after a 4n evaporation. Study of the 4n evaporation channel is 
convenient because the neutron halo and skin have an insignificant 
overlapping energy region. Moreover, at the same time the fusion-fission 
cross section for this reaction in a wide energy region was measured, too [6]. 
Comparing the results of both experiments with the same data for the 
4He + 209Bi reaction one could pin down the neutron skin effect for 6He 
nuclei. 
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2. The Experiment 

A helium-6 isotope was produced using the primary ion beam of 7Li 
(35.5 MeV /u) at the U-400M cyclotron (FLNR, Dubna). Stripping of a 

proton from the 7Li ions on the 1.1 mm carbon target was used. The 

intensity of 6He measured by a Si(Li) detector with dimensions of 032x4.15 

mm2 was about 6000 pps for 2·1011 pps of 7Li ions. The secondary beam 
purity up to 96% was reached due to the so-called form degrader (1.6 mm 
AI) positioned between the dipole magnets at the angle of 25• to the beam 
direction. Additionally, an !l.E detector 4150 jlm in thickness reduced the 
energy down to 70 MeV±8% (fwhm) at the experimental target position 
(Fig.1 ,a). 

The 211 At(T112 = 7.22 h) a-activity following the 209Bi(6He, 4n) 

reaction as well as fission events in the 209BH6He, /) reaction have been 
recorded off-line. For fission registering the track detector method was used 

[7]. Special «sandwich-type» piles consisting of eight 209Bi targets (0.82 

mg/ cm2), 55 jlm-thick mylar films for registration of fission fragments and 
additional absorbers made of AI (60+220 jlm) were manufactured. Such 
piles were installed perpendicularly to the incident beam between !l.E-E 
Si (Li) detectors that provided the secondary beam monitoring. The residual 

energy for 6He ions was 22 MeV±25% (Fig.1b). The counting error 
provided by the scaler was less than 2% and the losses of ions connected 
with the absorption inside the targets and aluminium foils and with multi­
scattering were of the order of 1%. The aluminium foils and bismuth targets 
were t~sted for uranium contamination ·using the neutron-activation 

method. The analysis showed that it did not exceed 10-7 at / at. 

This pile was irradiated for 17 hours by a flux of 6He ions with the 
intensity of I::::: 2500 pps, constant within 10% variation, for the beam 
diameter of 15 rom. Then the a-activity of the last four targets, which 
correspond to the energy range E em ::::: 20+48 MeV, was simultaneously 

measured by a low background a-decay spectrometer [8]. The recording 

time was longer than T 112 of 211 At. The isotope 211 At undergoes a-decay 

(42%, Ea = 5.87 MeV) and in 58% of the cases goes to the short lived 

(T
112

-0.5 s) 211 Po which in turn undergoes a-decay with an energy 

E = 1.45 MeV. Figure 2 shows the total a-yield for all targets without 
a . 
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Fig.2.Alpha energy spectra from the ground state decay of the evaporation re idue populated 

8 

background subtraction. The first peak (E = 5.87 MeV) belongs to the 
a 

energy region where other nuclei give their contributions. The second peak 

(Ea = 7.45 MeV) with measured half-life of about 7 h corresponds to 211 Po 

and allows good identification of the evaporation residue 21 1 At populated 
after the 4n evaporation. Moreover in this energy region (Ea > 6 MeV) only 

one background event was registered. Unfortunately, we have imperfect 
information about the a6n value because of the experimental conditions and 

the a-decay properties of the 209 At residue (T112 = 5.4 h, Ea = 5.65 MeV, 

5%). 
To identify fission fragment events the mylar films were etched in a 

NaOH solution and scanned under a microscope with 100-200 

magnification. For instance, in the 6He + 209Bi reaction the number of the 
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observed fission events for the first film at Blab = 70 MeV considering the 

detector efficiency was 228 ± 17 tracks. The total inaccuracy of the measured 
fission cross section was changed from 14% to 55% in the energy range of 
6He nude Blab::::: 70+30 MeV. The last film did not have any fission 

fragment events and one can conclude that the background from the satellite 

particle 3H was limited by the level of 1 mb. 

3. Experimental Results and Discussion 

The fission and the 4n evaporation cross sections for the 6He + 209Bi 
reaction as functions of the excitation energy are shown in Fig.3. The open 
triangles and open squares are the experimental results for the fission cross 

section and the 4n evaporation cross section in the 4He + 209Bi reaction in 
[9] and [ 10 ], respectively. The behaviour of the fission excitation function 

for the 6He + 209Bi reaction is the same as for the 4He + 209Bi reaction but 

the fission cross section for the 6He isotope is significantly higher than for 

the 4He nuclei. It was suggested [6] that this enhancement depends mainly 
on the entrance channel and it is connected with the neutron skin of the 
6He nuclei. 

The tentative excitation function of the 211 At residue is presented by the 
solid squares in Fig.3 and the data are listed in the Table: 

Ecm, MeV 

23.6±4.2 

30.4±3.9 

39.0±3.5 

45.8±3.0 

a-yellds (E
0 

= 6.15+1.45 MeV) 

6 

8 

5 

4 

e74,. , mb 

693±277 

925±323 

578±260 

462±230 

It is clear that the precise position of maximum of a 4n does not follow from 

this data but one can compare our results with the measured 4n evaporation 

cross sections for the 4He + 209Bi reaction (open squares) from ref. [10 ]. 
The absolute values of a 4n for both reactions agree well within the statistical 

errors. In the first approximation we can assume that the fission excitation 

function is more sensitive to 6He structure than the evaporation cross 
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sections in the fusion reaction on the 209Bi target. Neve heless, better 
statistics are obviously needed for a more detailed analysis . . The nearest 
measurement of the ratio between a4n and a6n will also help to confirm our 

assumption about the skin effect influence of 6He on the fusion-evaporation 
cross sections. 

The auth:ors express their gratitude to Dr. N.I.Tarantin for assistance 
in the experiment. The authors acknowledge the support of the RFBR 
<Project 93-02-3701). 
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TENSOR ANALYZING POWER T20 FOR dt + 12C-+ p +X 
AT9 = o· IN THE REGION OF HIGH INTERNAL MOMENTA 
IN TifE DEUTERON* 

E.V.Chernykh, A.A.Nomofilov, V.V.Perelygin, V.I.Sharov, D.A.Smolin, 
V.N.Sotnikov, L.N.Strunov, S.A.Zaporozhets, A.V.Zarubin, V.E.Zhiltsov, 
L.S.Zolin 
Joint Institute for Nuclear Research, Dubna 141980, Moscow region, Russia 

A.A.Izotov 
St. Petersburg Institute for Nuclear Physics, Gatchina 188350, Russia 

T.Aono , T.Hasegawa 
Miyazaki University, Faculty of Engineering, Gakuen-I<ihanadai, Nishi-1 , Miyazaki 889-21 , 
Japan 

N.Horikawa , T.Iwata · , A.Ogawa , T.Sasaki , S.Toyoda , T.Yamada , 
Nagoya University, Department of Physics, Furo-Cho, Chikusa-ku, Nagoya 464, Japan 

T .Dzikowski 
University of Lodz, Lodz 91131, Poland 

The tensor analyzing power T2o for the reaction d 1 + 12C-+ p(O') + X has 
been measured in the region of proton internal momenta k in light-cone 
dynamics up to 1 Ge VI c. Measurements have been carried out with Dubna 
polarized deuteron beam at deuteron momenta up to 9 GeV /c. The results show 
that as the internal momentum increases the T2o tends to approach the value 
obtained by the calculation based on the reduced nuclear amplitude method in 
which the quark degrees of freedom were taken into account. 

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

TeHaor:Ha51 aHa.n:H3HpyiOm;a51 cnoco6HOCTb T 20 ,Z:VI51 peaKu,HH 
d T + 2c -+ p + X npH e = o· B OOJiaCTH BlliCOKHX 
BHyTpeHHHX HMDY JlbCOB B /eiiTpoHe 

IIepHHX E.B. H ~p. 
Teu30pua11 aHIIJUf3HpyJO~all T20 cnoco6HOCTb peaK~HH 

d! + 12C-+ p(O") + X H3Mepeua u o6naCTH BH)'TpeHHHX HMnyJJbCOB npoToua 
k B ~HHaMHKe CBeTOBOl'O cPpoHTa BUJJOTb ~0 1 r3B/c. H3MepeHHII6bUIH BbiUOJJ­
HeHbl Ha nyqKe UOJJ11pH30BaHHbiX ~eHTpoHOB C HMnyJJbCOM ~0 9 r3B/c. Pe-
3YJJbTaTbl H3MepeHHH UOK33b1BaiOT, 'ITO UO Mepe poCTa BuyTpeHHel'O HMnyJJbCa 
T20 CTpeMHTCII K npe~eny, UOJJY'IeHHOMY B paC'IeTax, OCHOBaHHbiX Ha MeTO~e 
pe~~HpoBaHHbiX ll~epHbiX aMUJJHyY~, Y'IHTblBaiO~eM KBapKOBble CTeneHH 
CuOOo~bl. 

Pa6oTa Bbmonueua u Jla6opaTOpHH BbJCOKHX 3Hepmu OIUlH. 

*This work was supported by the Russian Fund of the Fundamental Investigations (grant 
No. 93-02-3961) and the Japan Society for the Promotion of Science <JSPS). 
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The investigation of the deuteron structure at small internucleonic 
distances :high internal momenta) is one of the most interesting subjects in 
nuclear physics. At that case the wave functions of two nucleons in the 
deuteron overlap each other largely and the quark-gluon degrees of freedom 
would be expected to emerge rather than the nucleon-meson degrees of 
freedom. The internal structure of the deuteron has been studied at short 
distances in the reactions d + A -+ p + X at 0" [1-7 ], yd -+ pn [8 ], 
inelastic [9] and elastic ed scattering at a large angle [10] and dp elastic 
backward scattering [11 ]. In particular, in the breakup reaction 
d + A -+ p + X it has been studied at the shortest internucleonic distances. · 
So using 8.9 GeV /c unpolarized deuteron beam, the Dubna group [I] 
measured the cross section of the forward breakup reaction d + C -+ p + X 
at the internal momenta in light cone dynamics k up to I GeV /c. The 
momentum spectrum obtained in the experiment was not reproduced by the 
models using conventional wave functions [12] [13 ]. On the contrary, the 
model with hybrid deuteron wave function [ 1, 14] which includes a small 
amount of six-quark admixture described the data satisfactorily. This 
model also described T 20 data obtained in the experiments at Saclay [2] 
and Dubna [3 ]. In accordance with maximum deuteron beam momenta 
available at Saclay (3.5 GeV /c) and Dubna (9.1 GeV /c) the breakup 
deuteron reaction can be studied up to internal momenta k about 0.54 
GeV /c and 1.04 GeV /c, respectively. The first measurements of T 20 
performed at Dubna by ALPHA group [3] contained fairly large errors at k 
higher than 700 MeV /.c.. Recently new measurements of T 20 have been 
performed by the ANOMALON group at Dubna with smaller errors [4 ]. 
T 20 up to k = 825 MeV /c found to be still negative and more similar to the 
QCD prediction than to the calculations with conventional wave functions. 
However, a crucial test should be made at higher internal momenta where 
the calculations with conventional wave functions give considerably 
different values ofT 20 against the QCD prediction. 

Another important spin observable in the breakup reaction is the 
polarization transfer coefficient JC0; /Co = VP I Vd where VP is the 

polarization of the emitted proton and Vd is the vector polarization of the 

deuteron. This observable has been measured in the region of internal 
momenta k up to 550 MeV I c [5-7], where its value has turned close to zero 
that contradicts the predictions of NN-potentia1 models at the impulse 
approximation approach. For more complete information on the deuteron 
wave function at small internucleonic distances, further polarization 
experiments have been required. 
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In this paper we report the results of tensor analyzing power T 20 meas­

urement for the reaction d1 + 12C-+ p +X by detecting the protons 
emitted at the forward angles E> P ~ 1.3· at deuteron momenta from 

6.0 GeV /c to 9.0 GeV /c. The experiment was performed at the 
Synchrophasotron ofthe Joint Institute for Nuclear Research using tensor 
polarized deuteron beam provided by POLARIS ion source [15 ]. POLARIS 
possesses ability to operate either in the vector polarization mode or the 
tensor polarization one and repeat pulse by pulse any combination in three 
polarization states «+», «0», «-» where «+» and «-» denote positive and 
negative polarization states and «<»> denotes unpolarized state. A negligible 
depolarization at the Synchrophasotron was confirmed exp rimentally in 
the vector polarization mode [16 ]. ForT 20 data taking we used«+» and«-» 

polarization states in the tensor polarization mode. Typical beam intensity 

was -2 · 109 deuterons/ pulse. The values of the deuteron beam polarization 
components were measured by detecting dp elastic scattering at 3 GeV /c 
with the fast two arm beam line polarimeter ALPHA [16 ]. The polarization 
measurement was carried out before and after the measur~ment ofT 20 and 

it was confirmed that the beam polarization remained stable. The T 20 meas­

urements under the same kinematic conditions were repeated with intervals 
of several hours. Reproduction of the values of T 20 gives another confirma-

tion of deuteron polarization stability within the measurement time. The 
tensor and admixture vector polarizations of the beam were 

p~ = +0.543±0.013(stat.)±0.022(syst.), 

p; = 0.222±0.007(stat.) ±0.004(syst.) 

for«+» polarization state and 

p -:z = -0. 709±0.013 (stat.) ±0.028 (syst.), 

p; = 0.200±0.010(stat.) ±0.004(syst.) 

for «-• polarization state. To estimate the systematical errors for measured 
Pz and Pzz values we took total uncertainties for the known dp elastic 

scattering analyzing powers A and A [17 ]. T20 for the reaction y yy 

d t + 12C -+ p(O·) + X is derived from the differential cross section defined 
by the formulae, 
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± 0( 1 ± ) a = a 1 - 2 P2o T 20 ' (1) 

where a+ and a- are the cross sections for positive (+) and negative (-) 

aligned beams, a0 is that for an unpo1arized beam andp20 = p /VI is the 
%% 

beam alignment in spherical form. Then T 20 is reduced to 

2 + -
T = (n - n ) (2) 

20 n+p2o- n-p~' 

where n + and n- are counts of the detected protons normalized by the 
deuteron beam intensities for positive (+) and negative (-) alignments. The 
experiment has been performed at 4.5, 6.5 and 1.5 GeV /c of beam line 
momenta for the emitted protons. To vary the internal momentum k at fixed 
beam line momentum we changed the momentum of the incident deuterons. 

Table 1. Kinematic conditions or data taking 

No. Pd(GeY/c) PL(GeV/c) k 11 (GeV/c) q11 (GeV/c) 

1 9.00 1.50 0.814 0.493 

2 8.90 1.50 0.855 0.505 

3 8.70 1.50 0.949 0.528 

4 9.00 6.50 0.455 0.347 .. 
5 8.41 6.50 0.600 0.416 

6 8.00 6.50 0.725 0.464 

7 7.80 6.50 0.806 0.497 

8 9.00 4.50 0.000 0.000 

9 6.85 4.50 0.299 0.252 

10 5.91 4.50 0.524 0.382 

Table 1 shows the set of kinematical conditions, under which we took 
the data: these are incident deuteron momentum P d and beam line 

momentum P L • Corresponding values of internal momentum k 1 1 and 

momentum of proton in the deuteron rest frame q 1 1 
are also given in Table 

l . The longitudinal component of q is obtained by the Lorentz 
transformation of the laboratory proton momentum: 
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(3) 

withy= Ed /md andy {3 = Pd /md, where P 11 = PP cos eP- PP; PP and 

EP, Pd and Ed are the momenta and energies of proton and deuteron, 

respectively. The momentum k called internal momentum in light-cone 
dynamics is expressed by the following formula (see [14] and other refer­
ences therein) 

2 
2 mj_ 2 

k = - m 4a (1 -a) P 
(4) 

with m~ = k~ + m;, where k j_ is the transverse momentum of the proton. 

The light-cone variable a [18] is the part of the deuteron momentum carried 
by the proton in the infinite momentum frame and is expressed by 
a = (E P + P ~I (Ed + P d). When the light -cone variable a is not close to 

1/2, the transverse momentum k j_ (-0.04 GeV /c) can be neglected and 

then k2 is reduced to 
m2 

k2"" - m2 . 
- 4a (1- a) P 

(5) 

This expression was used in the analysis except the point at k e 0, where k 
was calculated by equation (4) with k j_ = 44 MeV /cas them an weighted 

value of k j_ estimated by the acceptance at the focus F3. 

The stripping reaction d t + 12C -+ p + X occurred in a carbon target 
located at the beam line focus F3 (see Fig.1). The target was 30 em (50 

g/ cm2
) along the beam and 6 em across while the beam spot at F3 did not 

exceed 3 em. The beam position at F3 was under control by the multiwire 
ionization beam profilemeter and was found stable within ± 1 mm in the 
data taking time. The quadrupole magnet located 4.5 m downstream F3 
accepted the particles emitted at .angle e P ~ 1.3". The beam line consisting 

of bending magnets B1-B3 and quadrupole magnets selected the particles 
having the required momentum; the momentum bite of the beam line was 
±2%. For particle identification, the two independent TOP counter systems 
were used. The TOP counters were placed at F4 (STOFI), FS (STOF2) and 

F7 (STOF3). The particles having passed through the beam line were 

detected by the magnetic spectrometer ANOMALON [19] located at F7. 
The spectrometer (Fig.l) was composed of an analyzing magnet (SP-40) 
and 9 MWPCs with a wire spacing of 1 mm (PC3-5) and 2mm ( C 1 ,2,6-9). 
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F7 

Speclromet« ANOI.IAI.ON 

Fig. I . Schematic layout of the beam line and the spectrometer ANOMALON. 8 denotes the 
bending magnets. F3, F4, FS and F7 are the focusing points 

The first 7 MWPCs had 3 planes (X, U, V) and the two last ones <PC8,9) 
had 2 planes (X, Y). A momentum resolution of spectrometer was equal to 
0.76% for 1.5 GeV /c protons. The deuteron beam intensity was measured 
by an ionization chamber (IC) placed in front of the carbon target (see 
Fig.l) .. 

The event trigger logic of data acquisition was made according to 

(N1· M1·S2·S3) . (TX1·TX2). 

N1, M1, S2 and S3 were trigger counters located at F7, four-fold 
N 1 · M 1 · S2 · S3 coincidences formed a beam particle signal. All trigger and 
TOF counters were made of plastic scintillators 8 to 10 mm thick. TXl and 
TX2 were TOF counters using Phillips XP2020 photomultipliers: the former 
was located at F4 and the latter at F7. These TOF counters were used to 
suppress the deuteron events at the stage of fast trigger. To select the proton 
events the final particle identification was carried out by another TOF 
counter system using Hamamatsu photomultipliers (H2431): the start 
timing signal of TDC was fed from TOF counter Nllocated at F7, and the 
stop timing signals were sent from two TOF counters N2 at F4 and M2 at F5. 
This system gave us two TOF timings: one was between F4 and F7 (-70 m) 
called Tl and the other was between F5 and F7 (-45 m) called T3. In the 
off-line analysis the correlation of T2 and T3 was examined and the 
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Flg.2. The two-dimensional plot of TOF and the momentum for t e 
detected events of data set No.3 (Table I). In the TOF time scale one digit 
of TDC corresponds to 220 ps/ channel 

uncorrelated events were discarded. A typical two-dimensional plot of TOF 
<T2) and the momentum for the events having passed through the 
correlation check is shown in Fig.2 for data set No.3 in Table 1. As one can 
see protons are clearly separated from the deuterons. 

Dividing the events of each set of data typically into three to five bins of 
k with bites of 50 to 80 MeV /c, we derived the T 20 values. The T 20 values of 

the same k bins but for different deuteron beam momentum P dare displayed 

in Fig.3. One can conclude that there is no indication of that T 20 depends on 

P d . The events for the same k bins were combined and the T 20 values were 

calculated. The combined T 20 values are shown in Table 2 as a function of k, 

q and a. The indicated systematic errors are dominantly originated from 
uncertainty of the analyzing power of elastic dp scattering [17 ]. The 
obtained values ofT 20 are plotted in Fig.4 with the data of other groups and 

theoretical calculations. In the region where other group's data and ours 
overlap, the data are in good agreement with each other. Our data in the 
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Fig.3 . T20 for the same k bins at different deuteron beam momenta Pd . The 
errors bars display statistical errors 

high internal momentum region, k > 850 MeV I c, show a tendency of 
approaching of T 20 to the QCD motivated asymptotic prediction 

(T 20 -+ -0.3) [20] based on the reduced nuclear amplitude (RNA) method 

[21 ], as the arrow with the dashed line 5 in Fig.4 shows. Curves 1, 2 and 3 
are the results of the calculation [22 ] by relativistic treatment using 
conventional wave functions: 1- spectator mechanism (SM) with the Reid 
soft core wave function, 2- SM including final state interaction (PSI) with 
the Reid soft core wave function, 3 - SM including final state interaction 
with the Paris wave function. They indicate the change of the sign of T 20 at 
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Table 2. T 20 as a function of k, q and a 

k (MeV/c) t5k (MeV/c) q (MeV/c) a T 20±stat. ±sys. 

47 7 47 0.500 -0.083±0.027±0.003 

275 10 235 0.640 -0.833±0.057 ±0.033 

325 11 269 0.664 -0.81 0±0.047 ±0.032 

375 12 301 0.686 -0. 790±0.072±0.032 

425 13 330 0.706 -0.600±0. 56±0.024 

475 14 358 0.726 -0.583±0. 49±0.023 

525 15 383 0.744 -0.663±0. 53±0.027 

575 17 406 0.761 -0.572±0.060±0.023 

625 19 427 0.777 -0.506±0.062±0.020 

675 21 447 0.792 -0.570±0.093±0.023 

725 23 465 0.806 - 0.601 ±0.057±0.024 

775 25 481 0.818 -0.520±0.053±0.021 

840 29 500 0.833 - 0.453±0.048±0.018 

920 35 521 0.850 -0.400±0. 63±0.016 

1000 38 539 0.864 -0.351 ±0.116±0.014 

t5k denotes uncertainty of k due to our momentum resolution for breakup protons 

k below 950 MeV I c. On the contrary, our results show that T 20 still remains 

negative even at k = 1000 MeV /c. Curve 4 is the result of the calculation 
with allowance for the composite 6-quark component [23 ]. 

To conclude: we have measured the tensor analyzing power T 20 for the 

reaction dt + 12C-+ p(O•) .+X in the region of proton internal momenta of 

light-cone dynamics up to 1 Ge VI c. The results have shown a tendency that 

T 20 is approaching the asymptotic prediction (T 
20 

-+ -0.3) obtained in the 

calculation based on the reduced nuclear amplitude method in which the 

quark degrees of freedom are taken into account. 
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Fig.4. T20 as a function of lc and q. Hatched squares are the present results. 
Open circles are from [2). Crossea and open squares are Dubna data from [3) 
and [4). respectively. The errors are statistical. The curves and arrow are 
explained in the text 
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THE NUCLOTRON INTERNAL TARGETS* 

A.S.Artiomov 

The peculiarities of the nucleus-internal target interaction at the synchro­
trons are theoretically investigated. Taking this interaction into account, ana­
lytical expressions for luminosities averaged over cycle time, time evolution of 
the current, transverse and longitudinal emittances are obtained. The graphical 
functions, characterizing the luminosities and parameter evolution of ad, C and 
Ar nucleus beam with energies of I and 6 AGeV for different internal targets at 
the Nuclotron are presented. 

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

BHyTpeHHHe MHmeHH B HyKJioTpoHe 

A.C.APTeMOB 

T eopeTHtieCKH HCCJieAOBaHbi oco6eHHOCTH B3aHMOAeHCTBHSI SIAep c BHYT­
peHHHMH MHIIIeHSIMH B CHHXpoTpoHax. C yqeTOM :'lTOI'O B3aHMOAeHCTBHSI nOJiy­
qeHbl aHaJIHTHqeCKHe Bbipa)l(eHHSI AJISI yCpeAHeHHbiX 3a BpeMSI L\HKJia CBeTH­
MOCTCH, BpeMeHHOH 3BOJIIOL\HH TOKa nyqKa, ero nonepeqHOI'O H npoAOJibHOI'O 
3MHTTaHCOB. rpaqmqeCKHe 3aBHCHMOCTH, xapaKTepH3YIOil.IHe CBeTHMOCTH H 
3IIOJIIOL\HIO napaMeTpoB nyqKa SIAep d, C"' Arc 3HeprnSIMH I "'6 Ar3B,npeA­
CTaBJieHbi AJISI pa3JIHqHbiX BHyTpeHHHX MHIIIeHHH B HYKJIOTpoHe. 

Pa6oTa BbmOJIHeHa B Jla6opaTOpHH BbiCOKHX :meprnH OH~H. 

·1. Introduction 

Relativistic nuclear physics deals with the study of processes in which 
the constituents of nuclear matter move with relative velocities close to the 
velocity of light. The asymptotic character of such natural phenomena has 
played a decisive role in a constraction of the Nuclotron, a strong supercon­
ducting accelerator of relativistic nuclei at the LHE of the Joint Institute for 
Nuclear Research in Dubna [1 ]. As the first experiments [2,3] showed, this 
accelerator provides good possibilities for internal target technique. The 
planning of internal target experiments requires a detailed knowledge of the 

*Report at the Workshop on Perspectives of Relativistic Nuclear Physics, May 31 -June 5, 
1994, Varna, Bulgaria 
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ion-target interaction. This interaction is sufficiently well studied for the 
light ion beams circulating into the synchrotrons (see, for example, [ 4-7 ]) . 
As shown in this report, for more heavy ions some peculiarities of the ion­
internal target interaction take place. Taking this interaction int account, 
the luminosities averaged over cycle time and parameter evolution of d, C 
and Ar nucleus beam with energies of 1 and 6 AGeV for different internal 
targets at the Nuclotron are investigated. 

2. Beam-Internal Target Interaction 
at the Synchrotrons and Evolution 
of an Ion Beam Parameters 

Physics experiments with internal targets are usually realized in recir­
culation mode of synchrotron operation after beam injection and accelera­
tion. It is important for this mode of operation that the mean energy loss of 
ions per target traversal is compensated by an appropriate synchrotron 
acceleration in the rf-cavity. If we suppose that ions traverse a homogeneous 
target every turn and residual gas effects are negligible, general analytical 
expressions for beam parameter evolution can be obtained. 

Small angle scattering and energy loss straggling of ions lead to the 
growth of transverse and longitudinal beam emittances. For a sufficiently 
large number of target traversals it can be described by the following equa­
tion [7,8] 

e~N)(1J) = e~0)+ 0.5Nf3tJ2(d Y')
2+ 

+ 0,5N1]2 [r,fl:+ 2a,fl,fl;+ {:3i(Di] d2
, (1) 

(2) 

Here e~O), e~N) are the initial and after N target traversals horizontal (i = x) 

or vertical (i = z) transverse emittances corresponding to 1J standard devia­

tions in the Gaussian distribution; e~0) and e~N) are analogous longitudinal 

emittances; {:3 ., a ., D., D~. y. = (1 + a~)/ {:3 . are the parameters of the accele-
1 I I I 1 __ ._ 1_1 

rator at the target location; (d Y')2 and d2 are the mean square deviations in 
angle and relative momentum after target traversal; {:31= (wrJw

5
) x 

x V (I~ I 2np {:3c)l (ZU cos tp 
5
); w rfand w s are the frequences of rf-cavity and 

synchronous particle turn, respectively; ~ = d (!J.w/w) is the lo gitudinal 
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dispersion of the accelerator; U is the voltage amplitude of rf-cavity; cps is the 

phase of the synchronous particle; p, {3c and Z are the momentum, velocity 
and charge number of ions respectively. Using Moliere's approximation of 
the screened coulomb potential of the Thomas-Fermi atom and the Landau­
like energy loss distribution, for relativistic nuclear-thin target interaction 
we obtain 

(dY')
2
4I0-

7 tAQ 1 (Az;;zJ' (In (~:)-o.s) = 

= t · / 1 (Z, A , z0, A0, {3), (3) 

d2 = 2·10-7 
t ~: (P~Ar (I-~) = t·fz(Z, A, Zo, A,.PJ. (41 

Here y = ( 1 - {32) -o.s; t is the target thickness [g/ cm2 ]; A, z
0 

and A0 are 

the nuclear mass number, charge and mass number of the target , respec-

tively; 8m=4.8 · 10-6 z~13 v'1 + 1.77·10- \zz0/{3)2/(/3yA) is Moliere's 

screening angle; 8cm= 0.15[1 + 1.53·10-2(ZZ
0

/f3) )· fPyA(A 113 +A~13) )- 1 

is the maximum angle of the Rutherford scattering determined by the nuc­
lear radii of target and projectile. As an example, Fig.1 shows the / 1 ( ) and 

/2() curves characterizing the transverse emittance growth of the d, c and 

10-5 fjj' jf.::f,c f!"=··; ]~ '· ,-c - · ..••.... ~~ Jd,C,-y 2sm~+~4~Et- =t.:: · 

Ar,-y=2 

f 1 ( Ao ) • f2 ( Ao ) 

-9 
10 

±.±::±:.- . 
ff-ld,C,-y=7.4~ 

~-~tftl VPI IIII J 
b-• ····-· - f-+-1=±::: -~a;c,'l-=2 

FIAr;-r_ .. · =~.~-­f3=Ft· ·r tu- ~-·-· ~ ····· ··· ·- t-t-+ + ~1-t-+ 

Ao 250 

Fig.1. The / 1 (solid line) and /1 (dashed line) functions vs target mass number A0 for 

different incident nuclei 
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Ar nucleus beam with y = 2 and 7.4 for different internal targets. The 
growth of beam emittances, inelastic nuclear scattering and large angle elas­
tic scattering in a single projectile passage through the target lead to beam 
losses. If we take into account only the first channel, the time evolution for 
circulating beam intensity (in relative units) can be obtained from the Fok­
ker-Planck model of projectile diffustion in the (Y;, Yi)-phase spaces [9 ]. As 

the longitudinal emittance growth can be influenced by the rf-cavity voltage 
(see eq. (2)), we suppose that particle losses in the longitudinal phase space 
can be made negligible. Using the results of ref. [10 ], the probability of pro­
jectile loss because of diffusion in a beam after N target traversals is esti-

mated by P(N) = TI Pi(e~N)), where calculated Pi(e~N))-function is shown 
i=x,z 

in Fig.2. Approximating this function by exp [- 5.36(ri- 0.06) ], the effec­

tive cross section a . of projectile loss after start timeT . can be obtained as 
I I . 

A 
ai::::: 2.2·10-24 Ao rtJJ,O + /2() (yp~ + 2app; + {Ji(Di ], (5) 

i 

2S (0.12A. rl- £~0)) 
T - I I )( 

i- trlf:Jc 

x [/3./
1
()+ /

2
() (y .D~+ 2a.D .D~ + {J.(D~2) ] - I = tf3S ai() , (6) 

I I I I I I I I C 

where S, A . are the ring circumference and acceptance. 
I 

Fig.2. The probability of diffusion particle loss in (yt, Y1)-phase space for the beam with 

transverse emittance e~N), the dashed line shows the exp [- 5.36(s1 - 0.06)1 approximation 
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Inelastic nuclear interaction and large angle elastic scattering lead to 
the projectile loss in every passage through the target with the cross section 

at= aJ() + O.Sain [4- erf(Ox/28d)- erf(Oz/20d)]. (7) 

Here fi( ) = 0.5 (0-2 + 0-2 - 28-2), ()~ ::::: A./(j3:n) (i = x, z), 
xa za em za 1 1 

::::: 0.15[A(y2- 1)0.5 (Al/3 + A~/3) rt' ain::::: 6·10-26(Al/3+ A~/3)2, 

() ::::: 
d 

a z 
e 

::::: 3 · 10-31 [Z
0
Z/ (j32yA) ]2 and Gaussian approximation of a central maxi­

mum of plane diffractional nuclear scattering is used. In eq. (7) we should 
assume() . = () , when () . > () . Depending on the collision energy and the 

1a em 1a em 

type of colliding nuclei, different terms dominate in af The average beam 

lifetime (T t) and cross section of the projectile loss ( a1~) can be estimated as 

a+ L r:.a .b. 

T 
. I II 

bz I . 
at+ L b. a . ' (z = x, z), 

· . I I 
I 

0 Ioss = 0 t + 0 ef = a/Tb, 

(8) 

(9) 

where a= A0S/(6 · 1023$c), b. = 1 ifr. < T =a/at= t() Sl($c) and b. = 0 
. • I I I 

otherwise, a ef is the effective cross section of the diffusion projectile loss. 

The luminosity is the product of beam current and target thickness 
averaged over time. In recirculation mode of the accelerator run the lumi­
nosity Le averaged over the cycle time Te has the maximum value of 

L e ,;, N 01 (T ea
1088

) (N 0 is the number of the circulating particles before 

beam-target interaction) which is independent of target thickness when 

t <!. t e = = A0S / (6 · 1023 T J3ca1088). For internal target thickness t < t e the 

luminosity is decreased by the value of tl t e· 

3. In t ernal Target Effects at the N uclotron 

Using the above results, the numerical calculations of internal target ef­
fects ford, C and Ar n)Jclei with energies of 1 and 6 AGeV are obtained at 

the N uclotron A . ::::: 40n mm · mrad, e~0) ::::: 2:n; mm · mrad, f3. z 780 em, 
I I I 
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Fig.3. The a
1 
and a; cross sections of the loss of relativistic d, C and Ar nuclei at the Nuclotron 

vs target mass number A0 (- - 1 AGe V, - 6 AGe V> 

I a .I z 1.3, D. z 220 em, D~ z 0.3 at the target location). Effective cross 
L L L 

section of the diffusion particle loss ap = x, z) and at as a function of the 

target mass number A
0 

are shown in Fig.3. The values of the /()-function 

(see Fig.4) in eq.(7) show that for high energy heavy projectiles at the 
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Fig.4. The !()-function in a1 vs target mass number A0 for different incident nuclei at the 

Nuclotron (--I AGeV,-6AGeV) 

Nuclotron (for example, C and Ar nuclei withy= 7.4) large angle coulomb 

scattering does not make contribution to at' When the initial beam emit-

tances (e~0)) are known, the corresponding values ofT, ri and Tb can be ob­

tained from Fig.3 and eqs. (6), (8). Correlation between r i and T is defined 

by the ai() and t() functions, which are plotted in Fig.S. The presented in 

Figs.3,5 results show the substantial contribution of the diffusion process 

(related to small angle scattering in the target) to the losses (a1oss) of the low 

energy relativistic projectiles. As the energy increases the area of A0 , where 

this contribution is negligible, is grown by including larger mass numbers of 
the target. The maximum values of luminosities averaged over cycle time per 

one projectile at the first stage of Nuclotron run (Tc= 10 s) are plotted in 

Fig.6. As the internal target thickness t[g/cm2
] is known (t > tc) and using 

the presented in Fig.7 graphical functions of Tb·t, the beam lifetime Tb [s] 

can be estimated. Assuming T b = Tc in the value of T b · t-function the target 

thickness of tc can be also obtained. 
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ACTIVELY SCREENED SC MAGNETS 

I.A.Shelae 

The concept of new actively screened SC magnets without a steel yoke for 
high energy accelerators is proposed, and their main features are discussed. 

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

AKTHBHO 3KpaHHpoBaHHhle en Mal'HHThl 

l1.A.Ille.naes 

llpeAJJO>KeHa HO&all KOHU.enU.Hil BKTHBHO 3KpBHHpo&aHHbiX Cll MBnlHTOB 
6e3 >KeJie3HOI'O llpMa AJIII yCKOpHTeJieH BbiCOKHX 3HeprnH H OOcY>KABIOTCII OC­
HOBHble HX CBOHCT&a. 

Pa6<JTa BbmOnHeHa a Jla6opBTopHH BbiCOKHx 3Heprni1 OIUUf. 

Intro d uction 

In modern SC magnets the field strength and its quality are determined 
by a SC coil and its shape. Nevertheless, a cold steel yoke constitutes 80% 
and more of the magnet weight what significantly increases the magnet cost 
and time and cost of its cool-down and warm-up [ 1 ]. The steel yoke 
increases the magnet field only by 20-25%, and its main role is to shield 
stray fields. This task can be successfully resolved by an additional SC coil 
that only slightly increases the superconductor volume but drastically 
reduces the total magnet weight and its cost, and permits one to avoid such 
unpleasant features of the cold yoke as an additional energy losses due to 
steel magnetization in a pulse mode and nonlinearities with steel saturation 
at high fields. 

We consider analytically the field of a shielded magnet and show how 
the volume of a superconductor should be increased to get a complete active 
shielding. 

1. Ideal Magnet 

Dipole and quadrupole fields required in high energy accelerators are 
produced by SC coils of two shapes [2 ]: overlapping ellipses and cos () for a 
dipole field and crossed elipses or cos 20 for a quadrupole one which provide 
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ideal fields. We consider overlapping ellipses, and it may be s own that 
cos(} coil is the limiting case of the latter. 

The coil shape can be deduced using a straight cylindrical infinitely 
long conductor with a uniform current density j. If the conductor cross 
section is an ellipse with axes a and b (b < a), then its field H i complex 
form can be written as [3] 

H . 0.4.nj (b . ) = H + 1H = -+ b x - 1ay y x a 
(1) 

inside the conductor and 

(2) 

outside it. Here c2 = a2 
- b2

, z = x + iy, i = ..; -1 and the origin of the 
coordinate system coincides with the conductor center. The fiel is in G if 
the current density is expressed in A/ cm2 and all linear dimensions in em. 

Two such conductors overlapped at a distances between their centers 
and carrying the same current densities but of opposite signs produce a pure 
dipole field 

H 
0.4.njsb 

0 = H = 
Y a+b' x (3) 

inside the overlap region that is free of current. Two cross d similar 
conductors create a pure quadrupole field inside the aperture 

0 s 

a) b) 

Fig. I . Coil cross sections of an ideal dipole a) and quadrupole b) 
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a-b 
H = Gy, H = Gx, G = - 0.4.nj -+ b' x y a 

(4) 

These two cases are shown in Fig.l. Dimensions of the ellipses have to be 
chosen such that to provide the required field strength or gradient at a given 
current density and to leave enough a current free space between them to 
place there a vacuum chamber for an accelerating beam. Evidently, the 
outside fields of the magnets are not equal to zero. 

2. Screened Magnet 

Let us consider now a similar elliptical conductor immersed into a bigger 
or screening one with axes as, bs and a current density js as shown in Fig.2. 

The magnetic field outside this pair of conductors is equal to 

H t = 0.4.n + . 
( 

jab jsais l 
00 

z+~?-? z+~?-~ 

The last equation shows that 
the outside field is zero if the 
following two conditions are 
fulfilled 

jab = -jsais• (6) 

c = cs. (7) 

Eq. (6) means that the total 
currents in both conductors 
are the same but of opposite 
directions, and from eq. (7) it 
follows that the focuses of 
both · elliptical conductors 
coincide. 

y 

Now suppose that Fig.2. A screened elliptical conductor 

as= ka and k > 1. 

Then according to eq. (7) and (6), we find 

bs = ~ b2 + (k2
- l)a2

, 
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y y 

·x 

Fig.3. Computer plot of the magnetic fields in a screened ideal dipole, on the left hand, and a 
quadrupole, on the right hand, fork = 2.5 

b j_ 
j = -j :::::; - 2' 
s kvb2 +(k2 -1)a2 k 

(10) 

The last approximation is valid if a :::::: b and k » 1. This pair of screened 
conductors is used lower to construct ideal magnets as ne eliptical 
conductor was used above. 

If we now take another pair of similar conductors with as opposite 
currents as before and overlap (or cross) them, we shall get an ideal dipole 
(quadrupole) magnet without stray fields (Fig.3). Then the dipole field of 
the screened magnet is equal to 

0.4:rcjbs [ a + b ] 
Hys =- a+ b 1 - k(ka + b

5
) = H/1 -h), Hxs = O. (11) 

The gradient G inside the wholly screened quadrupole lens equ ls 

Here dimensionless values of h and g show how much the field and gradient 
of screened magnets differ from the same value of unscreened coils. 
Evidently, a minimal value of k is 1 + sl a. If we choose larger k, then there 
will be enough a current free space between screening cond ctors and a 
main coil to place there force collars that constrain coil motion to negligible 
levels. The area S of the main dipole coil is equal to 
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( 

0 s s 5
2 

) ( 52 ) S = 2ab arcsm -
2 

:+- -
2 

v 1 - - 2 :::::: 2bs 1 - --2 0 (13) 
a a 4a 24a 

The total current in this coil or its ampere-turns Iw are then Iw = jSo From 
this equation and eqo ( 1 0) it follows that the same value for the screening coil 
Iws is 

Iw 
Iws:::::To (14) 

The field strength at the screening coil is very low, and so the critical current 
density in it is 3-5 times higher the in the main coil. Therefore, the total 
additional volume of the superconductor in this coil needed for a wholly 
screening is of the order of l 0% of the superconductor in the main coil if k is 
equal to 2.5 and more. 

A SC volume needed to screen a quadrupole lens is even lower. The 
cross section area Sm of its main coil equals 

S = 2ab arccos v -- - -
( 

1 - e2 nl 
m . 2- e2 4 

2 2 
_£_¥1-e, - 2 (15) 

where e = ca -I is the coil eccentricity. The area S s of the screening coil is 

c2 e2 
ss:::::: -y¥ 1- k2 06) 

or almost the same as the main coil area. Therefore, eq.(l4) in the case of a 
quadrupole lens takes the form 

Iw :::::: Iw 
s -2· 

k 
(17) 

It reflects the fact that a field outside a dipole drops with a distance r as r - 2 

and a quadrupole r - 3. So the additional SC volume for screening a 
quadrupole coil is lower than in the case of a dipole. 

Conclusion 

As is shown above, SC magnets without stray fields can be constructed 
at least in the two-dimensional case. The total additional volume of the 
superconductor in actively screened dipole magnets is 30-35% higher than 
in magnets with iron shielding but their weight 5-8 times lower. 
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Stray fields at the magnet ends need three-dimensional computer 
calculations. It is evident a priori that the screening will not be so wholly 
there as in considered case, but end stray fields will be much lower, and 
these low fields can be effectively shielded by soft steel walls of a warm 
vacuum vessel of a LHe cryostat. The walls are far enough from SC coils 
because between them there are one or two thermal screens. 
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USING OF POLARIZED TARGET 

JI N R Rapid Communications Nl4( 67 )-94 

IN BACKWARD ELASTIC dp SCATTERING* 

I.M.Sitnik, V.P.Ladygin, M.P.Rekalo1 

Effects due to the polarization of both colliding particles have been analysed 
in terms of four independent amplitudes which, in the general case, define the 
spin structure of the dp backward elastic scattering amplitude. It is shown, that 
spin correlation due to the transverse polarization of colliding particles has high 
sensitivity with respect to presumably existing P-wave in the deuteron. The 
experiments, needed to be performed for complete reconstruction of four inde­
pendent amplitudes are discussed. 

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

l1CDO.llb30BaHHe nOmlpH30BaHHOH MHII!eHH B dp ynpyroM pac­

CeSIHl!H Ha3a~ 

1 
ll.M .CHTHHK,B.ll.fl~HrHH,M.ll.PeKa.JIO 

B TepMHHax 'leThlpex He3aBHCHMbiX aMUJIHry~. onpe~e.n!IIOll\HX u OOll\eM 
CJIY'Iae cnHHOBYIO crpyKrypy aMUJIHTY~bi ynpyroro dp pacce!IHHSI Ha3a~. pac­
CMOTpeHbi nOJIS1pH3aL\HOHHble 3<fx~JeKTbl, B03HHKal011\He B CJIY'Iae, KOr~a 00e 
CTilJIKHBalOll\HeCSI qaCTHL\bl nOJIS1pH30BaHbl. llOKa3aHO, 'ITO CnHHOBaSI KOppe­
JISIL\HSI, CBSI3aHHaSI C nonepe'IHOH nOJIS1pH3al.IHeH CTaJIKHBalOll\HXCSI 'laCTHL\, 
o6Jia~aeT BbiCOKOH qyucTBHTeJI&HOCTbiO no OTHorneHHIO K B03MO)I{HOMY cyll\e­
CTuouaHHIO P-BOJIHbi u ~eiiTpoHe. 06cy)l{~aiOTCSI B03MOJKH&Ie 3KcnepHMeHT&I, 
HeOOXO~HMble ~~~ nOJIHOI'O BOCCTaHOBJieHHSI 'leTblpeX He3aBHCHMbiX 
aMnJIHTY~ · 

Pa60Ta u&mOJIHeHa u Jla6opaTOPHH BbiCOKHX 3Hepmii OH5111. 

1. Int r oduction 

Studying of the short-range behaviour of the deuteron wave function 
(DWF) allows us: 

to understand the role of such non-nucleonic degrees of freedom as 
quark or delta configurations; 

to clarify the transition regime from pion-nucleon mode to possible 
manifistation of the non-nucleonic degrees of freedom; 

*Report at Workshop on the Perspectives of Relativity Nuclear Physics, June 1994, Varna, 
Bulgaria 

1KhPTI, Kharkov, Ukraine 
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to check the different approaches of description of the relativi tic bound 
states. 

A direct reconstruction of the DWF from the measured quantities in the 
framework of the Impulse Approximation (lA) is possible in two types of 
reactions. They are deuteron electrodisintegration [1] ed-+ e + np, and 
also A(d,p)X and p(d,p)d reactions L2,3 ]. 

The momentum distributions of fragments extracted from the data of 
the above experiments with electromagnetic and nuclear probes 
demonstrate, on the one hand, a substantial discrepancy with the 
predictions using standard DWF in the lA and, on the other ha d, a good 
agreement with one another [ 4,5 ], which gives serious motivations to search 
for the explanation of the observed effects not only in deviation from the lA 
but also in nonadequate standard DWF. Even at the lA level the following 
questions arise: 

the number of independent components of the DWF (two in 
nonrelativistic theory including S-and D-waves or four in relativi tic theory 
including S-, P- and D-waves [6 ], or six in the spurion models [7 ]); 

what is the argument of the DWF and furthermore the number of them 
(one as in standard models or two as in spurion approaches); · 

possible non-nucleonic degrees of freedom (NN *, ~~) of the deuteron. 
To determine the behaviour of different components of the DWF, one 

needs to study polarization observables of the above reactions, because they 
are more sensitive to smaller terms than cross section. At the present time 
such data exist or are in progress only for nuclear probe reacti ns. Apart 
from cross sections, such observables as the tensor analyzing power T 20 and 

the polarization transfer coefficient from the deuteron to the proton "t have 

been investigated for the reactions A( d,p)X and p( d,p)d. Analysi of each of 
these reactions points out [8,9,10] no configuration consisting only of S­
and D-waves are compatible with the data within the framework f the lA. 

The existing set of data is insufficient to separate the deuteron structure 
from the reaction mechanism. So, measurements of new polarization observ­
ables are needed." They can be obtained using a polarized proton target for 
backward dp elastic scattering (but not for the reaction A(d,p)X). The 
measurements of these observables are being planned now at Dubna. 

2. Amplitude of the d + p-+ p + d (() = 180') Proces s 
and General Analysis of the Polarization Effects 

Backward dp elastic scattering due to P-invariance and total helicity 
conservation can be described by only four independen t complex 
amplitudes for the following transition A. d , A. P -+ A. d , A.; , 
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FO+ -+ 0+ = C2(s), 

F++ -+++ = C1(s) +cis), 

F - + -+-+ = C1 (s) - cis), 

F0+ -++- = -VI c3(s), (1) 

where c1 - c
4 

are so named scalar amplitudes. Of course, all polarization 

effects can be described in terms of the scalar or helicity amplitudes. 
(TO) 

In case of unpolarized target the differential cross section d~Q 
depends only on the tensor polarization P NN of initial deuterons: 

dJ.TO) do(OO) ( 1 ) 
{i(2 = dQ 1 + l p NNCO,NN,O,O ' 

-1 dJ.OO) 2 2 2 
N dO= 21c1(s)l + lc2(s)l + 21cis)l , 

-1 dJ.OO) 2 2 2 
CONN,O,ON dQ =- lc1(s)l + lc3(s)l - lcis)l , (2) 

h dJ.OO) . h d"ff . 1 . f 1 . d . . . 1 . 1 w ere~ ts t e 1 erenha cross sechon or unpo anze tmha parhc es, 

and CO,NN,O,O is the analyzing power due to tensor polarization of the initial 

deuteron. (Here we are following notations used in ref. [11 ].) 
The expressions for the normal <Co,N,N,o> and longitudinal <Co,L,L,o> 

polarization transfer coefficients from the vector-polarized deuteron to the 
secondary proton are 

· -1 dJ.TO) { *} 
cO,N ,N,ON (j(2 = 2. Re C3(s). [c1 (s) + c2(s) + c4(s) J ' 

. (TO) 
-1 dO" 2 { 2 2 • } cO,L ,L,ON (j(2 = . lc3(s)l + + Re[c1(s)·cis) J • (3) 

Discussed above polarization observables T 20 and "tare connected with 

used in (2) and (3) as 

T =-VI CONNOO 20 . • •• 
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3 
"t = 2 CO,N,N,O • (4) 

If the proton target is polarized, the differential cross section depends 
on mutual spin orientation of initial protons and deuterons 

da dJ.TO) [ 3 3 ] 
dQ = ~ 1+ 2CN,N,o,o(SP- (nS)(nP)+ 2 CL,L,O,O(nS)(nP) . (5) 

From (5) one can see that the term C N,N,o,o (C L,L,o,o> is responsible for 

the asymmetry effect when spin orientations of both participants · of the 
reaction are normal (longitudinal) to the direction of the initial deuteron 3-
momentum. 

In terms of scalar amplitudes the expressions for spin correlation 
parameters C N,N,O,O and C L,L,O,O are following: 

.J (TQ) 
-1 ua' { •} CN,N,O,ON ~ = -2·Re g3(s)· [-g1(s)- ~is)+ g4(s)! , 

.J (TQ) 
- !Ua' { 2 •} CL,L,O,ON --;Jfl = -2· lg3(s)l . - 2Re[g1(s) ·gi s) ] . (6) 

In contrast to the differential cross section and CO,NN,o,o•expressions for 

spin correlations and polarization transfer coefficients contain the 

interference contributions Re(g; · g~), hence, these observables are 

particularly sensitive to the smallest terms. 
For realization of the complete experiment program it is necessary to 

obtain data for the polarization observables containing the Im(g; · g~) 

contributions. Needed combinations appear only for triple correlations of 
vector polarizations: 

(7) 

and so on, where S . is the polarization vector of ani-particle. We would like 
l 

to stress that polarization transfer measurements, in case all three particles 
have various combinations of parallel or a,ntiparallel spins, do not provide 
needed information. 

Within the lA (one nucleon exchange mechanism) with standard DWF 
only two amplitudes (real in this case) define all characteristics of the 
discussed reaction. 
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Spin correlation CN No,o calculated 
for standard DWF (13] (solid line) 
and for DWF with additional P-wave 
components [6] (dashed line) 

0. 5 ,...--r-.-,--.-,......--,-..---r-.-,.--.-.-.,....,--.-......-,_, 

The various models of the 
deuteron with additional P- o.o 
wave [6,12 ] components are 
compatible with the case, 
when the process is described 
by four independent (but 
real) amplitudes. 

CN.N.O,O 

Calculations of eN N 0 0 
' ' ' -0.5 L....L....L....._. ......... _._..__._ ........ _.__. ......... ...._._...._,_......_.__.__. 

performed for one of standard o.o 
DWF [13] within the lA (Fig­
ure), demonstrate rather the 
scale of the effect than really 

0.2 0.4 0.6 
k, GeV/c 

0.8 1.0 

expected behaviour, because, as it was mentioned above, this approach is 
not compatible with the results of experiments. One can see high sensitivity 
of C N,N,O,O to P-wave contribution. 

More detailed consideration of all these question is given in [14 ]. 

3. Conclusions 

Measurement of the spin correlation parameter C N,N,O,O is one of the 

most realizable polarization experiments for the d + p -+ p + d to date. 
These data (in addition to measured cross section [3 ], tensor analyzing 
power T 20 [8,10] and polarization transfer coefficient "t [8 ]) could provide 

us. to determine g1 - g
4 

amplitudes in the case they are real. Within lA it is 

possible to estimate a possible P-wave component in the deuteron. 
To determine the imaginary parts of g

1 
- g

4 
amplitudes one needs to 

perform complicated transfer polarization experiments in case of both 
polarized initial particles. But if all three particles have various 
combinations of parallel or antiparallel spins, the measurements of these 
triple-order observables do not provide us information about imaginary 
parts of g

1 
- g4 amplitudes. 

The authors would like to express their gratitude to A.M.Baldin, 
J.Durand, B.A.Khachaturov, N.B.Ladygina, F.Lehar, A.de Lesquen, 
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N.M.Piskunov, C.F.Perdrisat, V.Punjabi for useful discu sions and 
stimulating interest in the present work. 
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APPLICATION OF TRANSPUTERS IN THE DATA ACQUISITION 
SYSTEM OF THE INESS-ALPHA SPECTROMETER* 

E.V.Chernykh 

T he paper describes the application of transputers in the DAQ system of the 
INESS-ALPHA spectrometer used in investigations of polarization phenomena 
In a few- rmcleon systems under relativistic energies. The system has 
multiprocessor structure according to a scheme: main IBM PC plus add-on 
transputer-based boards. The system comprises three sub-systems 
interconnected by message transmission. The HW of the system and charac­
teristic properties of application of transputers are under consideration, some 
promises of 'transputer-like' mlcroproc~rs using In DAQ systems are 

mentioned. The SW for the system Is described In [ 1). 
The Investigation has been performed at the Laboratory of High Energies, 

JINR. 

llpHMeHeHHe TpaHCllbiOTepoB B CHCTeMe COOpa ,l{aHHbiX 
cneKTpoMeTpa 1-iHECC-AJib<I>A 

E.B. qepHbiX 

• 8 p800Te ODHcaHO npHMeHeHHe YpaHCDbJOTepoa B CHCTeMe c6opa ,llaHHbiX 
cneKTpoMeTp& HHECC-AJibci>A, HCnOJtb3yeMoro a HCCJJe,IIOBBHHIIX 
DOnRpH3A~HOHHbiX R&neHHA B M&nOnyKnOHHbiX CHCTeM&X npH 
pennHBHCTCKHX 3HeprHIIX. CHCTeMa HMeeT MHOI'Onpo~eccopnyJO CTJ>YKTYPY B 
cooneTCTBHH co cxeMoA: ocuoauu 38M IBM PC nnJOC ,IIOnonHHTMbHble 
YpaHCDbJOTepHble nnaTbl. CHCTeMa COCTOHT H3 TpeX DO,IICHCTeM, CBR3AHHblX 
MexauH3MOM nepe,lla'IH coo6w.enHA. PaccMOTpeHbl annap&Tnoe o6ecneqenHe 
CHCTeMbl H OCOOeHHOCTH npHMeHeHHR Tp8HCDbJOTepoa, Kp8TKO ynOMRHYTbl 
nepcneKTHBbl npHMeHeHHR Tp8HCDbJOTepoDO,li00HbiX MHKponpo~ecCOpoB B 

.CHCTeMBX cOOp& ,118HHbiX. llporpaMMHoe OOecDe'leHHe CHCTeMbl OOHcaHO B pa­
OOre [1) . 

PaooT& Bblnonueua a Jla6opaTOPHH BbiCOKHX suepmA OHSIH. 

1. Int roduction 

In 1993 according to the research program of investigations of 
polarization phenomena in a few nucleon systems under relativistic energies 
experiments were begun using polarized deuteron beams of JINR 

•The paper was presented at SPHERE-ALPHA workshop, June 1994, Varna, Bulgaria 
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synchrophasotron and !NESS-ALPHA set-up [2,3 ]. The two- rm magnet 
spectrometer !NESS-ALPHA incorporates 2000 channels of coordinate and 
spectrometric information, front-end electronics is located in seven crates of 
a standard CAMAC parallel branch highway [4,5]. The existed DAQ 
system of the set-up has not met new requirements, therefore a new DAQ 
system has been developed. As this was done the front-end electronics has 
not been changed. It was required, among other things, to enlarge a number 
of accepted events, to provide recording of the extracted beam data and 
accelerator parameters from remote control system of the accelerator and 
perform analysis of the experimental data during run. Under conditions of 
very limited expenditure some basic principles of the DAQ . system 
development were formulated: low initial expenditure, use of standard 
means, possibility of modular extension. 

2. The Application of Transputers 

If the DAQ system for the spectrometer had been implemented, using 
single computer the unexeptable expenditure and complicated system would 
have been needed. So the system has multiprocessor structure: main 
computer plus add-on boards installed in its 1/0 slot. To provide an accept­
able expenditure/performance ratio the IBM PC. as the main computer and 
transputer-based add-on boards were selected. The advantages of the PC 
are well known: accessibility, low cost, it is provided with many HW and SW 
add-on's and good service. 

Transputers are intended to serve as building blocks for real-time 
parallel systems [6 ]. Transputer (processor) compared to common 
microprocessor additionally contains in silicon internal RAM, timers, links 
and OS kernel. Members of the transputer product family are 
interconnected by their links - high speed serial duplex lines. There are 
processors, link adapters and programmable links commutators in the 
transputer family. The link adapter converts between serial link and parallel 
bus, link commutator provides a full crossbar switch between 32link inputs 
and 32 link outputs. 

To build a microcomputer using transputers one needs less additional 
ICs. A transputer gives to the system the following features: 

- enlargement of data processing power; 
- highly reliable interconnections; 
-first-rate performance to stand-alone devices. 
In accordance with the requirements during preparation and running 

the experiment the DAQ system comprises the following subsystems (Fig­
ure): 
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Figure. Structure diagram of the DAQ system 

- data taking and on-line processing (consists of the on-line PC and 
transputer board); 

- communication (transputer and interconnection boards, speed 
converter); 

- data analysis during run (off-line PC). 
The on-line PC reads data from the CAMAC branch, preprocesses 

them, builds the file and writes it to the hard disk. Between the accelerator 
cycles the data from the disk buffer are written to Exabyte tape and 
tran.smitted to the off-line PC for data analysis during the run. 

The transputer board in the on-line PC uses transputer links to accept 
the data transferred from the accelerator control system and to synchronize 
processes in the subsystems. The transputer board incorporates processor 
T414, 1 Mbyte RAM and the interface of ISA-bus program channel 
implemented using the first transputer link and Link Adapter COil [7 ]. Via 
the second transputer link the data describing the extracted beam and 
accelerator tuning from the accelerator control computer spaced at 400 
meters are accepted. This data are transmitted by CAMAC module based on 
Link Adapter. The speed of a type transmission is 2.5 Mbit/sec. Thus the 
Link Adapter is used beyond the specification but no errors during the data 
transmission were detected. A speed converter implemented using two Link 
Adapters converts the bit speed after the receiver up to a standard for the 
transputer family value 10 Mbit/ sec and transmits the byte to the transputer 
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board. The transputer transmits the data in the data file of events using 
interrupts in the on-line PC. The third link of the transputer is used to 
transmit data to the off-line PC via an add-on board With C011 placed in an 
1/0 slot of the PC. for communication between the subsystems the message 
transmission mechanism is used. 

During three runs in 1993-94 about 1.5 gigabyte of experimental data 
were stored to Exabyte tape. Different PCs were used in the course of the 
experiments: PC/386 ISA, 486 EISA, 486 ISA. 

3. Promising Transputer-Like Microprocessors 
for DAQ systems 

An intrinsic parallelism which has data acquisition and triggering usage 
and specific features of transputers made possible application of them in 
these systems [8 ]. A DAQ system for the general-purpose detector ZEUS at 
the HERA collider comprises 640 transputers [9 ]. 

New generation of Inmos transputer family offers increas d computer 
power and higher speed links [10 ]. New generation- components ·for HEP 
applications based on this ICs were developed [11 ]. A number of large 
experiments in HEP being planned (for example STAR) and those which 
have used transputers yet (for example ZEUS) consider them among other 
microprocessors as a promising means to use in the DAQ system. The most 
interesting for DAQ systems in HEP is the Inmos message routing chip 
C104. 

Tr<\nsputer had influence on microprocessor development. Large firms 
designed and produce transputer-like microprocessors, which are intended 
for multiprocessor systems development and furnished with communication 
channels (Texas Instruments TMS320C40, Motorola DSP96002, Analog 
Devices ADSP-21060). Quite a lot of new designs for trigger ystems use 
C40, Motorola DSP96002 is also used. The new ADSP-21060 shows 
promise for the applications under consideration. The emergency of the 
Power PC with features well like a workstation but the cost much less gives 
an opportunity to develop DAQ systems having good performance/ cost ratio 
on the base of the PC in conjunction with these new microprocessors. 

4. Conclusions 

The application of transputers in conjuction with IBM PC provided for 
the DAQ system a reliable means for a communication and a high-speed 
data processing power. The system reads up to 500 events per cycle (event 
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length is about 300 bytes), that gives the speed of data taking 150 
Kbyte/ sec. The system structure makes it possible autonomous debugging 
of the subsystems, data analysis during the run and modular extension of 
the system. In three runs 1.5 gigabyte of experimental data have been stored 
to Exabyte tape. The results of some experiments have been published 
[12, 13 ]. New generation transputers and transputer-like microprocessors 
integrally with Power PC hold great promise for new DAQ systems of new 
experiments. 
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NARROW DIBARYON RESONANCES WITH ISOTOPIC 
SPIN I= 2 

Yu.A. Troyan, V .N .Pechenov, E.B.Plekhanov, S.G .Arakelian, 
A.Yu.Troyan, V.I.Moroz, A.P.Ierusalimov, A.P.Stelmakh 

Narrow enhancements were observed in the effective mass spectrum of pp:rc +­

combinations at (2511 ±5), (2607±2) and (2716±4) MeV /c1 in the reaction 
np ... pp:rc•:rc-:rc- at an incident momentum of P,. = 5.2±0.16 GeV/c, studied 

In the 1m bubble chamber, LHE, JINR. The total experimental widths of the 
resonances are equal to 46, 27 and 36 MeV /c1 and are completely determined 
by the resolution of the apparatus. The enhancements above backsround are 
4.0; 6,8 and 3.4 standard errors. The most probable value of the spin for the 
resonance with a mass of 2607 MeV I c1 was found to be J 2: 2. The resonance 
with such a mass decays with a probability of 48% via the niode ... 6

33
p, with a 

probability of 14% via ... (BB)~:rc+ and 38% via other modes. Here 

(BB)~ is a dlbaryon In a 2-proton system with a mass around 2090 MeV /c2
• 

The Investigation has been performed at the Laboratory of High Energies 
and at the Laboratory of Computing Techniques and Automation, JINR . 

Y3KHe ~n6apnonnhle pe3onanchl c H30TODHlfecKHM cnnuoM 
/=2 

IO.A. Tpo.!IH H ~p. 

8 pe8KJ.tHH np ... pp:rc + :rc-:rc- npH HMny JJbCe nepBH'IHblX HeiiTpoHOB 

P,. = 5,2±0,16 r3B/c Ha M8Tepuanax C 1-MeTpoBOH BOJ{OpoAHOH ny3b1pbKO-

BOH KaMepb1liB3 OIUIH o6uapylKeHbl Y3KHe oco6eHHOCTH s cneKTpe 3CJ><I>eK­
THBHbiX MaCC pp:rc + -KOM6HHai.\HH npH 3Ha'leHHIIX (2511 ±5) , (2607 ± 2) H 
(2716±4) M38/c1

. lloJJHble 3KcnepHMeHT8JibHble wHpHHbl pe30Haucos pasHbl 
46, 27 H 36 M38/c2 H tteJJHKOM onpeJ{eJJliiOTCII annapatypHbiM pa3pewe HeM. 
llpeBbiWeHHe HaJ{ cjx>HOM COCTaBJJlleT 4,0; 6,8 H 3,4 CTaHJ{aptHbiX OTKJJOHeHHII 
COOTBeTCTBeHHO. Hau6onee sepolltHoe 3Ha'leHHe CnHHa pe30HaHCa C MaCCOH 
2607 M3B/c2 OKil38JIOCb pasHbiM J 2: 2. 3ror pe30uauc pacna,l{aetcll c sepollr­
HOCTbiO OKOJJO 48% no KaHany ... ~3p, C sepoiiTHOCTbiO OKOJJO 14% no KBHaJJy 

... (BB)~:rc + H C sepoliTHOCTbiO OKOJJO 38% no J{pyrnM KananaM. 3JteCb 

(BB)~ - J{H6apHOH B CHCTeMe 2-x npotOHOB C MBCCOH B paHOHe 

2090 M3B/c1
. 

Pa6ora Bbmonueua s Jla6oparopHH BbiCOKHX 3Heprnfl u Jla6oparopuu Bbi­
'IHCJJHTeJJbHOH rexnHKH u asroMatH381.\HH OIUIH. 
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The presented results were obtained by processing the films in an 
exposure of 1m hydrogen bubble chamber, LHE, JINR, to monochromatic 
neutrons <M/Pn:::::: 3%) at a momentum of 5.20 GeV/c. The charac-

teristics of the beam, methods of the selection of reaction channels, the 
reaction cross-sections, etc., were described earlier ([1 ], see refs.). The 
following reactions were identified from S-prong stars: 

np -+ pfJJr + :rc-:rc- (10356 events) 

np -+ pfJJr + :rc-:rc-:rc0 (6357 events). 

(1) 

(2) 

Figure 1 shows the distribution of effective masses of pfJJr +­
combinations: 1) -from reaction (2), 1) -from reaction (1), 3) -sum of 
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+J c 
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Fig.l. The effective mass distribution of PPJl +-combinations at 
P,.=5.2 GeV/c: 1)- reaction np-+ pp:rc+:rc-:rc-; 2)- reaction 

np-+ PPJl·+ :rc-:rc-:rc0
; 3) -sum of (1) and (2) 
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these reactions. One can easily note an enhancement near masses of 2500, 
2600 and 2700 MeV /c2

, which repeats for all distributions. 
The further analysis is concerned mainly with reaction (1) . 

Figure 2 shows the distribution of effective masse of ppn +­
combinationns from reaction (1) . The distribution is approximated by an 
incoherent sum of the background curve taken in the form of as perposition 
of Legendre polynomials of up to the second power inclusive (coefficients of 
higher power polynomials are negligible), and by three Breit - Winger 
resonance curves. The background contributes up to 95.3%. The 

np~ pp'IT+'IT-'IT-, Pn = 5.2GeV/c 
320r---------------------------. 

... 
u 
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c.:> 
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2.511 2.716 

10356 Events 

o~w-~~~~~~~~~~~~~ 
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M pprc+, GeV / c
2 

Fig.2. The effective mass distribution of pp:rc +-combinations from 
reaction (l) at Pn = 5.2 GeV/c. The solid line - the 

approximation by the background curve and three Breit - Wigner 
curves; dotted line - the contribution of the background 
(Legendre polynomial of second power) 
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background describes the regions outside the resonances with 

i = 0.8 ±0.18, vD = 1.57±0.1.2, that is close to the pure statistical 

distribution withx2 = 1.0, vD = 1.41. 
The central values of the masses of the observed resonances are equal to 

(2511±5) , (2607±2), (2716±4) M3B/c2• The exceedings over the 
background are equal to 4.0, 6.8 and 3.4 standard deviations, respectively. 
More detailed data are presented in the final table. 

The analysis showed the reaction (1) proceeded largely through a 
production of ~33-isobar in the PJt +-system and was characterized by a 

strong anisotropy of protons emission in the general c.m.s. For the sub­
sequent analysis the events of this reaction were therefore simulated with 
and without production of ~33-isobar using the FOWL program. Moreover, 

the periphericity of protons emission was taken into account by introducting 
the factor exp B I y; - y; I• exp B I y; - y; I into the phase spase, 

I min l max 

y;
1
(P

1
) - the rapidity of the first (second) proton, and y~in(max) - the 

minimum (maximum) possible rapidity of proton in reaction (1) at present 
energy. All values were taken in c.m.s. of the reaction. The value of factor B, 
the contribution of the peripheral processes as well as the contribution of the 
~33-production channel were defined from a comparison of simulated event 

with a number of experimental distributions of reaction (1) (angle 
distribution of protons in c.m.s. of the reaction, distributions of effective 
masses of pp-, PJC+- and pfJJC+ -combinations). It was obtained that reaction 
(1) proceeded in SO% of events via isobar production; factor B = 3.3, the 
contribution of the peripheral processes = 51%. 

With simulated events at hand we have attempted to determine the 
relative weifhts of various decay modes of the resonance with a 
2607 MeV /c mass. 

Figure 3a shows the distribution of the effective masses of PJt +­
combinations from the mentioned resonance. This distribution was 
obtained by constructing the pfJJC + effective masses under the condition that 

at least one of the PJt +-combinations was placed within the ~33-isobar 
region, and by subtracting the background distributions from left and right 
sides of the band of 2607 MeV I c2 resonance with the corresponding weights 
determined by the background contribution in the resonance band. The 
distribution is described by the curve composed by 70% due to resonance 
curve of ~33-resonance and by 30%, due to phase space curve. 
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Figure 3b shows the effective mass distribution of two protons from 
mentioned resonance, obtained in the same way. The distribution is 
described by the curve wi~h 40% due to the curve of pp-resonance with a 
mass around 2090 MeV I c and 60%, due to the background c rve caused 
by the sum of processes in reaction (1) (with- and without ~33-production, 

and taking into account the periphericit; of protons). The narrow pp- reso­
nances with masses around 2090 MeV lc were observed in a number of ex­
periments [2 1 

In consequence, the following values were obtained for the relative con-
tributions of various decay modes of the resonance in pfJJt +-system at the 
2607 MeV I c2 mass: . 

(BB)~;,; -+ ~3JP 

(BB)~;,; -+ (BB)~0~ + 
1--pp 

+++ + 
(BB)2607 -+ PfJJt 

(38 ± 9)% 

(14 ± 5)% 

(38 ± 9)% 

80 2.58 IIi M _,. IIi 2.82 
28 

~ 24 
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~40 ~ ~ .. ~ 18 
q30 ~ ~ .!! 12 l9 c:: 
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Fig.3. a) -The effective mass distribution of J»f+ -combinations for PJ»f+ -resonance with 2607 
MeV /c1 mass. Crosses - the contribution of the background due to the periphericity of phase 
space. b) -The effective mass distributions of pp-combinations for PJ»f+ -resonance with 2607 
MeV /c1 mass. Crosses- the contribution of the background due to processes of L\3-production 

and periphericity of phase space 
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) . b) - The 

distribution of ppx + effective masses under the condition that none of px +-combinations belongs 
to ~3-isobar region (M"" + > 1.296 or MIP' + < 1.130 GeV /c1

) 

Figures 4 and 5 show the distributions of effective masses of pfJlt +­
combinations from reaction (5) for the events under some conditions for two 
- particle masses. The distribution of fig.4a was obtained by constructing 

pfJlt + effective masses under the condition that at least one of the p7r +-com­
binations belongs to d 33-isobar region (1.130 s Mpx+ s 1.296 GeV/c2

). 

The distribution of fig.4b was obtained by constructing pfJlt + effective 

masses under the condition that none of pn+ -combinations belongs to d 33-

isobar region (M px + > 1.296 or M px + < 1.130 Ge VI c2
). The distribution of 

fig.5 was obtained by constructing ppn + effective masses under the 

condition that none of p7r +-combinations belongs to d 33-isobar region and 

under the additional condition that the effective masses of pp-combinations 
belong to the region of pp-resonance with a mass around 2.090 GeV /c2 
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Fig.S. The distribution obtained by constructing 
pfJ1t + effective masses under the condition that 
none of fJ1t+ -combinations belongs to ~3-
isobar region and under the additional 
condition that the effective masses of pp­
combinations belong to the region of pp­
resonance with a mass around 2.090 Ge VI c2 
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distributions enable to research in 
more detail the discussion effects and 
to produce the quantitative marks of 
the probabilities of the different 
modes of decays. 

...... 30 
·2 

To determine the spin of the 
2607 MeV I c2 resonance, there was 
constructed and analysed the distri­
bution of the angle between the nor­
mal of the resonance decay plane and 
the direction of resonance motion in 
general c.m.s. Such distributions are 
known-to be described in strong de­
cays by a sum of Legendre polyno­
mials of an even power with the maxi­
mum power of 2J, where J - the re­
sonance spin, [3] (the angle is 
calculated in the resonance rest sys­
tem). The distribution of cos e ........... 

n, pres. 

is shown in fig.6. There the dotted 

Fig.6. The distribution of cos e .. A.. -angle 
· 

11
' Pres. + 

between the normal of decay plane of pfJ1t -
resonance with a mass 2607 MeV I c2 and the 
direction of its flight in general c.m.s. 
np -+ pfJ1t + 1r -1C-. All values are taken in 
resonance rest system. The dotted line -
isotopic distribution, the solid line - the 
description by Legendre polynomials of up to 
second power inclusive, the dot-and-dash line 
- the deScription by Legendre polynomials of 
up to fourth power inclusive 
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line is an isotopic distribution, the solid line - the description by Legendre 
polynomials of up to second power inclusive, the dot-and-dash line - the 
description by Legendre polynomials of up to fourth power inclusive. The 
corresponding distribution for left and right sides is essentially isotopic, 
therefore the background subtraction was not carried out. The correspon­
ding confidence levels are equal to 4%, 12% and 55%. Hence one may infer 
the spin of ppn+- resonance at the mass 2607 MeV /c2 as J ~ 2. 

The final data about the observed resonances are given in the Table. 

Table 

M, ± IJ.M,, r,± M,. rR ±MR. u ±A a, S.D. p 

MeV/c2 MeV/c2 MeV/c2 ,ub 

2511 ±5 46±21 24±21 8.4±3,0 4.0 5.0·10 .... 

2607±2 27±7 7±7 10.3±2.4 6.8 2.0 · 10-9 

2716±4 36±16 22± 16 4.9±2.2 3.4 1.4·10-2 

--- - --- -

The first column contains the central value of the resonance mass; the 
second one - the experimental full width of the resonance; the third one -
the true resonance width, obtained by quadratic subtractiion of the widths 
of the resolution function for the masses of ppn +-combinations (these are 
equal to '23, 26 and 29 MeV /c2 for the corresponding resonances) from the 
experimental widths. In the fourth column the cross-section of the resonan­
ce production in reaction (1) is given along with the errors, including the 
error of determination of the channel (1) cross-section (see [ [1 ]) ; in the 
fifth column - number of standard deviations above the background, in the 
sixth column - the probability that observed enhancements are back­
ground fluctuations. 

There were too few experimental data concerning searches and inves­
tigations of similar resonances in the previously published reports. The 
evidence about weak enchancements in the effective mass spectra of ppn +­
combinations at 2160 MeV /c2 were obtained in [4,5 ]. In [6] no 
enhancements were found, but there either bound states of nrm--system or 
a region of the effective masses of the same system near the threshold of 
NNn were studied. A number of papers (see, e.g., [7] and references 
therein) was concerned with the investigations of the resonances production 
of n +-mesons from the interactions of protons with various nuclei at 
T :::::: 350 MeV. This effect can be interpreted from the point of view of a 
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production and a following decay of resonances wi~h isotopic spin I = 2 
proton-nuclei interactions, but there exist not less convincing alternative 
explanations. 

One can note that all the above effects are observed in them ss regions 
placed considerably lower than that studied in our experiment. 

Theoretical predictions about resonances with isotopic spin I = 2 are 
made in the models using quite different approaches. There are redictions 
base on quark models [8 ], Skyrme model [9 ], the general quantum-mecha­
nical approach in a model of semiopen resonator [1 0 ]. 

The very diversity of approaches with the whole spectrum of predictions 
signifies that the problem of the nature of the studied effect remains to be 
still open and requires considerably more experimental data to explain it. 
On the other hand it is very hard to overrate the significance of resonance 
effects in multihadronic (multiquark) systems, especially for the investiga­
tions of the relativistic nuclei interactions. 

We are grateful to Dr.V.L.Lyuboshitz and Dr . .V.I.Ilyushenko for help­
ing us in our work. 
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