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Abstract 

For beams of the Nuclotron (a specialized superconduct- 
ing strong-focusing accelerator of nuclei at the Labora- 
tory of High Energies, JINR) the nucleus-internal target 
interaction is theoretically investigated. Taking this in- 
teraction into account , analytical expressions for time 
evolution of such beam parameters as current, transverse 
and longitudinal emittances are obtained. Using these 
expressions, the corresponding graphical dependences 
are calculated for d, C and Ar nuclei with energies 
of 1 and 6 iZGeV and different internal targets at the 
Nuclotron. The luminosities averaged over cycle time are 
estimated 

1 INTRODUCTION 

Relativistic nuclear physics deals with the study of pro- 
cesses 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 focusing superconducting accelarator of relativis- 
tic nuclei at the LHE of the Joint Institute for Nuclear 
Risearch in Dubna [I]. As the first experiments [2!3] 
showed, this accelerator provides good possibilities for in- 
ternal target technique. Internal targets provide either an 
improved resolution and secondary particle identification 
for solid targets or vastly increased luminosity for materi- 
als of an intrinsically low density such as polarized gases. 
Serious drawbacks of the internal target technique are the 
reduction of the potential reaction yild by scattering of the 
beam particles out of the ring acceptance and formation of 
the beam halo. This scattering activate the ring structure 
and halo can produce background for detectors by recir- 
culating incide the ring acceptance. This background is 
the result of interaction of the halo ions with the target 
frame which is usually much thicker than the target itself. 
Thus, the planning of internal target experiments requires 
a detailed knowledge of the ion-target interact,ion, beam 
lifetime and emittance growth. 

2 BEAM-INTERNAL TARGET 
INTERACTION 

Physics experiments with internal targets are usually re- 
alized in recirculation mode of synchrotron operation af- 
ter beam injection and acceleration. It is important for 
this mode of operat,ion that t.he mean energy loss of ions 

per target traversal is compensated by an appropriate syn- 
chrotron 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 equations 

[4,51 

E!N’(7/) = p + 0.5.q3q2(6Y’)2 + (1) 
+0.5N$[y& + 2aJAq + aj(q)“]az, 

t-;N’(q) = EiO) + 0.5ivp,$F. (2) 

Here C(O), ttN) are the initial and after N target traver- 
sals hirizoital (i=x) or vertical (i=z) transverse emit- 
tances corresponding to r] standart deviations in the 
Gaussian distribution; c$‘) and eiN) are analogous lon- 
gitudinal emittances; pi, ai, Di, D:,yi =I (1 + af)/@i are 
the parameters of the accelerator at the target location; 
(bY’)Z and F are the mean square deviations in an- 
gle and relative momentum after target traversal; @I = 
(4JIh) (IC12~P~c)l(z~rcos~,); w-f and iu’, are the fre- 
quences of rf-cavity and synchronous particle turn, re- 
spectively; [ = 6 (Au/w) is the longitudinal disper- 
sion of the accelerator; U is the voltage amplitude of rf- 
cavity; ps is the phase of the synchronous particle; p,/3c 
and 2 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-target interaction at the Nuclotron (y= 116) we 
obtain 

(6Y’)Z c% (3) 

(/n(2) -0.5) =t~fi(Z,A,Zo,Ao:~)r 

jFmo-7t~ (-&)‘(l- $) = (4) 

= t . h(Z, A, Zo, Ao, PI. 

Here y = (1 - ,02)-o.5; t is the target thickness 
[g/cm’]; A, Zo and A0 are the nuclear mass num- 
ber, charge and mass number of the target respec- 
tively; 0, Rc 3.10-62,1’3J1 + 1.77 10-4(2Z0/~)2/(/3yA) 
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is Moliere’s screening angle; 8,, % 0.15(1 + 1.53 . the target with the cross section 

10-2ZZo//?)/[/+yA(A’/3 +A:‘“)] is the maximum angle of 
the Rutherford scattering determined by the nuclear radii LTt = 0.5a,(e,-,2 t-e;; - 28;:) + (7) 
of target and projectile. The growth of beam emittances, 
inelastic nuclear scattering and large angle elastic scatter- 

+0.5~,[4- erf(e,,/2ed) -e~f(e,,/2e,)]. 

ing in a single projectile passage through the target lead to Here 8i2, M A/(/3iv2) @X,2), od FZ 0.15[A(y2 - 

beam losses. If we take into account only the first channel, 1)0.5(A”3 + Ak’“)]-‘1 gin 
the time evolution for circulating beam intensity (in rela- 

M 6 l()-yA1/3 + ~;/~)2, 
6, M 3 10-3’[Z,Z/(/32rA)]2 and Gaussian approxima- 

tive units) can be obtained from the Fokker-Planck model tion of a central maximum of plane diffractional nuclear 
of projectile diffusion in the (Yi, Yi)-phase spaces [6]. As scattering is used. In eq.(7) we should assume Oill = B,, 
the longitudinal emittance growth can be influenced by 
the rf-cavity voltage (see eq.(2)), we suppose that particle 

when 0i. > B,,. Depending on the collision energy and 
the type of colliding nuclei, different terms dominate in 

losses in the longitudinal phase space can be made negligi- art. The average beam lifetime (Tb) and cross section of 
ble. Using the results of ref.[7], the probability of projectile the projectile loss (c~,~~~) can be estimated as 
loss because of diffusion in a beam after N target traversals 
is estimated by P(N) = niZs,* P,(cjN)), where calculated 

Pi(eiN))-function is shown in fig.1. 
Tb M y-g; ;;p, (i = I, z) (8) 

fi.(iiT 
ZO- 

Od- 

W- 

O,l- 

v- 

fltoss = ut + flej = a/Tb, (9) 

where u = Ass/(6 102?pc), b; = 1 if ri < T = a/gt and 
bi = 0 otherwise, reef is the effective cross section of the 
diffusion projectile loss. 

The luminosity is the product of beam current and tar- 
get thickness averaged over time. In recirculation mode 
of the accelerator run the luminosity L, averaged over the 
cycle time T, has the maximum value of L, = No/(T~u,~~~) 

L : 
%=a.s$ 

(NO is the number of the circulating particles before beam- 
target interaction)which is independent of target thickness 

0 
II I ,/I ,I1 

097 42 43 0,4 OJ 0,s 47 48 49 I,0 
when tgicmz 2 t, = AoS/(6. 1023T,~cu~,,,). 

3 INTERNAL TARGET EFFECTS AT 
Fig.1. The probability of diffusion particle loss in THE NUCLOTRON 

(Yi’)Yi)-phase spase for the beam with transverse emit- 
tance cjN), the dashed line shows the e~p[-5.36(<; - O.OS)] 

Using the above results, the numerical calculations of inter- 

approximation. 
nal target effects for d, C and Ar nuclei with energies 
of 1 and 6 AGeV are obtained at the Nuclotron (Ai c 407r 

Approximating this function by ezp[-5.36(<i - 0.06)ll the mm’mrad e!‘) M 2r mm’mrad) pi m 730 cm, /ai] 
Di M 220 Em, D! 

M 1.3, 

effective cross section bi of particle loss after st’art time ri I M 0.3 at the target location). Fig.2 shows 

can be obtained as the curves characterizing the transverse emittance growth 

ci r;4.5.10-31~[o.35fi (g$)'. (5) 

of the nucleus beam for different internal targets. 

-s 

10 

(7iDf + PcUiDiD: + /9i (Di)2) 11 fl(AO),fZ(AO) 

2s (O.l2A, - ci”)) 
TjX % ’ 

tr12PC 
(6) -9 

10 
j i i i ] i i i i i--i i i j i i i i i i i i i j 

‘ks.f-1 + f2 (?iof + ‘JLuiDtD: + Pi (Di)2)]-‘. 
1 A0 250 

where S, Ai are the ring circumference and acceptance. 
Fig.2. The fi (solid line) and fz (dashed line) functions 

Inelastic nuclear interaction and large angle elastic scat- 
vs target mass number A0 for different projectiles. 

tering lead to the projectile loss in every passage through ut and ri as a function of the target mass number .4a are 

1392 



shown in fig.3. When the initial beam emittances (ei’)) 
are known, t,he corresponding values of T, ri and Tb can be 
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Fig.3. The gt and g; cross sections of the loss of rela- 
tivistic d, C and Ar nuclei at the Nuclotron vs target 
mass number Ao. 

obtained from fig.3 and eqs.(S),(S). The maximum values 
of luminosities averaged over cycle time at the first stage 
of Nuclotron run (T,= 10 s) are plotted in fig.4 
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Fig.4. The rnaximum values of luminosities averaged 
over cycle time for different internal targets and d, C 
and Ar beams at the Nuclotron (‘I’,= 10 s). 
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