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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 invéstigated. 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 a &, C and
Ar nucleus beam with energies of 1 and 6 AGeV for different internal targets at
the Nuclotron are presented.

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

BHyTpeHHME MUIIEHU B HYKJIOTPOHE

A.C.Apremos

TeopeTHueckH UCCAeA0BaHbl OCOGEHHOCTH B3AMMOACHCTBHS 41€P C BHYT-
PEHHMMM MMILEHIMH B CMHXPOTPOHaX. C yueToM 3T0ro B3auMOoAeMCTBHS MOy~
YEHB! AHAJMTUUECKHUE BBHIPAXKEHHUS JJIS YCPEAHEHHBIX 338 BPEMs LIMKJIA CBETH-
MOCTE#, BpEMEHHOW BOMIOIMM TOKA My4Ka, €r0 MONEePEeYHoOro 1 mpoRoIbHOrO
aMUTTaHCOB. I'padmueckue 3aBMCUMMOCTH, XapaKTEPHU3YIOUIME CBETUMOCTH U
3BOIOLMIO napameTpos nyuxa saep d, C u Ar ¢ seprusmu 1 m 6 AI'sB,npen-
CTaBJIEHBbI A/ Pa3/IMUHBIX BHYTPEHHMX MMIICHHI B HYKJIOTPOHE.

Pa6ora seinonnena B JJabopatopuu BbiCOKMX IHepruit OUSIH.

‘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
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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 ioris some peculiarities of the ion-
internal target interaction take place. Taking this interaction into 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]

eMem) = O+ 0.5N87*3Y)?+
+ 0,5N7” [y, D} + 2a,D, D+ B(D)*16%, 1

ESN)(TI) = 850)_*_ 0.5NpB [07262. 2)

Here 81(0)’ sl(N) are the initial and after N target traversals horizontal (i = x)
or vertical (i = z) transverse emittances corresponding to 7 standard devia-
tions in the Gaussian distribution; efo) and sgN) are analogous longitudinal
emittances; ﬂl., a; D, le, Y= a1+ aiz)/ﬂ ;are the parameters of the accele-

rator at the target location; (6 Y’)2 and 82 are the mean square deviations in
angle and relative momentum after target traversal; B = (@ rf/ )%

x V(1&1 27p Bec)/(ZU cos P @, and w_ are the frequences of rf-cavity and
synchronous particle turn, respectively; { = 6 (Aw/w) is the longitudinal
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dispersion of the accelerator; U is the voltage amplitude of rf-cavity; @, is the

phase of the synchronous particle; p, Sc 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
ZZ
©Y)2=2-107" 147" ( 0

2

we obtain
In Oem -0.5| =
Ay B O

= t.fl(z’ A, Zo, AO, ﬁ)’ (3)

2
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6“=2-10 t—'o (,3_2 ) (1 __2) = t-f(Z, A, Zg, Ay B)- 4)

i

Herey = (1 — /32)_0'5; t is the target thickness [g/cm2 L A4, Zo and Ao are
the nuclear mass number, charge and mass number of the target, respec-
tively; 6,~4.8:107%Z)/3V1 + 1.77-107%ZZ/B)*/ (By4) is Moliere’s
screening angle; 0, = 0.15(1 + 1.53-107%(2Z/B) 1- [ByA(4' > +4)/) 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 f,() and

f,() curves characterizing the transverse emittance growth of the d, C and
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Fig.1. The f| (solid line) and £, (dashed line) functions vs target mass number A, 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}, Y))-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) = [] Pi(sgN)), where calculated Pi(el(N))-function is shown
i=Xx,z

in Fig.2. Approximating this function by exp [— 5.36(s; — 0.06) ], the effec-
tive cross section o, of projectile loss after start time 7, can be obtained as
—-24 AO ; 2 ' n2
o,=22-10 =2 B0+ 15,000/ + 2a,D.D; + B(D)"], (5
i
25 (0.124, 77— £©)
L= x
[ m2ﬂc
, - N

% [B,£,()+ /() D7+ 2a,D,D; + (DY) ! = e 0, (6)

T

where S, Ai are the ring circumference and acceptance.
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Fig.2. The probability of diffusion particle loss in (Y}, Y)-phase space for the beam with
transverse emittance sgN), the dashed line shows the exp [— 5.36(s; — 0.06)] 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

o,=0 f()+0.50, [4—erf@, /20, —erf(6,/26)] ¢))

Here f()=050.2+6-200, O =A/Bm)(i=x2, 6,

(o
~3-1073! [ZOZ/ (ﬂzyA) 1? and Gaussian approximation of a central maxi-

mum of plane diffractional nuclear scattering is used. In eq.(7) we should
assume Bl.a= 6., when Bl.a > Ocm. Depending on the collision energy and the

type of colliding nuclei, different terms dominate in o, The average beam
lifetime (T°,)) and cross section of the projectile loss (0)0ss) €an be estimated as
a+ E T; aibi

]

T, ~—i— (i=2x,2), @)
b
at+z b0,
I3

g

loss at + Uef = a/Tb’ €

where a = A,S/(6 -10°8c), b, = 1if1,< T = a/o, = 1) S/(tBc) and b, = 0
otherwise, T 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 L_averaged over the cycle time T, has the maximum value of
L, = N,/ (T O, N, is the number of the circulating particles before
beam-target interaction) which is independent of target thickness when
tzt==A,S/(6 10%3 T pBco,)- For internal target thickness 7<¢, the

luminosity is decreased by the value of #/¢,.

3. Internal Target Effects at the Nuclotron

Using the above results, the numerical calculations of internal target ef-
fects for d, C and Ar nuclei with energies of 1 and 6 AGeV are obtained at

the Nuclotron A= 40 mm - mrad, el(o) =~ 27t mm- mrad, ,Bl. ~ 780 cm,
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Fig.3. The o, and o, cross sections of the loss of relativistic d, C and Ar nuclei at the N uclotron
Vs target mass number A, (— — 1 AGeV,——6 AGeV)

lail = 1.3, Dl. == 220 cm, le = 0.3 at the target location). Effective cross
section of the diffusion particle loss o{i = x, z) and o, as a function of the
target mass number A, are shown in Fig.3. The values of the f()-function
(see Fig.4) in eq.(7) show that for high energy heavy projectiles at the
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Fig.4. The f()-function in g, vs target mass number A, for different incident nuclei at the
Nuclotron (— — 1 AGeV,——6 AGeV)

Nuclotron (for example, C and Ar nuclei with y = 7.4) large angle coulomb
scattering does not make contribution to a, When the initial beam emit-
tances (el(.o)) are known, the corresponding values of 7, t,and T, can be ob-
tained from Fig.3 and eqs. (6), (8). Correlation between 7, and T is defined

by the ai() and 7() functions, which are plotted in Fig.5. 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 (9),ss) Of the low

energy relativistic projectiles. As the energy increases the area of Ay, 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 (T .= 10 5) are plotted in
Fig.6. As the internal target thickness ¢[g/cm?] is known (t>1,) and using
the presented in Fig.7 graphical functions of T,-t, the beam lifetime T, [s]
can be estimated. Assuming T,= T in the value of T, - t-function the target

thickness of ¢ . can be also obtained.
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Fig.5. The ai() and?() functions vs target mass number A, for different incident
nuclei (— — 1 AGeV,——6 AGeV)
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Fig.6. The maximum values of luminosities averaged over cycle time per one projectile (d, C and
Ar nulcei) for different internal targets at the Nuclotron (T = 10s, — — 1 AGeV,——6 AGeV)
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Fig.7. The T - t-functions vs target mass number A, for different incident nuclei at the Nuclotron
(— — 1 AGeV,—6 AGeYV)
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