TRANSFER MATRIX FOR A HIGH ENERGY COOLING SYSTEM
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A transfer matrix for a high-energy electron cooling system, which describes the linear incoherent effects, is de-
rived. Knowing this matrix we can treat an electron cooling section in the ring as an additional focusing element de-
forming the beam optic functions due to space charge forces This matrix can be implemented in different codes
(MAD, MIRKO, SixTrack et al.) for precise calculation of the beam optic and dynamic aperture in storage rings,
where a high energy electron cooling system is planed to install. As an example, an optic of the high-energy storage
ring [6] calculated by MAD code with derived matrix is given.
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1. INTRODUCTION

The electron cooling method is based on the heat ex-
change between the beam of charged heavy particles
(ions) circulating in the storage ring and the beam of
electrons having the same average velocity [1,2]. By
combining an ion beam and a high-intensity electron
beam having a small momentum spread in a rectilinear
storage section, it is possible to achieve efficient energy
exchange between them. The electron beam passing
through the cooling section is lost in the collector and
takes some of the ion beam thermal energy with it,
which leads to an effective reduction in the transverse
dimension and the momentum spread in the initial ion
beam. At low ion beam intensities electron cooling is
successfully used in many devices and a space charge
focusing of the electron beam may not significantly per-
turb the lattice functions. However, on transition to
higher energy ion beam (more then 1 GeV/u) there is
tendency to enhancement parameters of an electron
cooling section (ECS) to have reasonable small cooling
time. In this case the ECS in the ring may treated as an
additional focusing element deforming the beam optic
functions due to space charge forces.

To write the equation of motion of ions in electron
beam, from which the transfer matrix for an electron
cooling section can be derived, we consider the hydro-
dynamic approximation assuming that ion and electron
temperatures are zero and the beams undergo simultan-
eous coherent transverse motion. The particle density in
the beams is radially uniform and the beam radii are the
same. The conducting wall is removed to infinity and
image charges have no influence on the beam dynamic.
The beams are matched for a time shorter than all the
other characteristic times of the problem. Outside the
cooling section the beam propagates in the storage ring
with azimuthally focusing symmetry. We use a simple
model to analyse the influence of the finite time of joint
beam motion on the interaction of the electron and ion
beams.

2. EQUATION

The equation of linear motion of the circulation anti-
proton beam in the electron cooling section with ac-
count of the space charge field and longi-tudinal mag-
netic field has the following form [3]
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Here subscript ¢ refers to the circulating beam, u*=x#iy
describes transverse displacement of the particles in
complex notation motion (x, y are the horizontal and
vertical displacements respectively),
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is the Larmour frequency of the circulating beam, Z, 4
are the charge and mass of the ion, B, is the longitudinal
magnet field in the cooler, m, is the mass of the proton,
e is the electron charge, ¢ is the light velocity, S=v/c, v
is the ion velocity, Vis the relativistic parameter.
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are circulating beam frequencies, where ).=I/I. charac-
terises the focusing of ions due to space charge forces in
the cooler section (/., /. are ion and electron currents re-
spectively), 77 is the neutralization factor [4], V1] de-
scribes the focusing due to neutralization of ions, . is
the electron density in the cooler, 7, is the classical pro-
ton radius. Eugenfrequencies of the Eq. (1) are

2 QL QL ’ 2
e RLE @

Solution of Eq.(1) can be written in matrix forms:
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Here M is the second order complex matrix, Jf is the
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complex conjugated matrix. The elements of this matrix

are given by the following formulae (X = (Q L /2)2 +02):
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If K*<0 one should substitute in Eq. (3) instead of
cos(Ks) and sin(Ks)/K the expressions cosh(K]s) and

sinh(‘K‘s)/ K|. One can see that the elements of the

complex matrix depend on the longitudinal variable s
and K, &, Q. parameters. For practical simulations it is
necessary to write a real transfer matrix for the cooling
section. The expressions (3) allows us to find the real
matrix 7., of fourth order related with real coordinates by:
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The matrix T, is expressed through the matrix M us-
ing the following formula:
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where A=Re(M), B=-Im(M). The elements of this mat-
rix are given by formulae
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The matrix elements satisfy the relations: det(7coo)=1, U
det(M)ZF1. The transfer matrix of a circular accelerator
is Tpe=T1T., where T is the transfer matrix from the
Electron Cooling Section (ECS) exit to the ECS en-
trance, T¢s is the transfer matrix of the cooler section in-
cluding fringing fields of the solenoind. The transfer
matrix for the cooler section taking account fringing
fields of solenoid is written by Te=T sTeooT s, Where Tt
are matrices for the fringing fields.

3. APPLICATION TO THE HESR

A planned high energy storage ring (HESR) for in-
ternal experiments with antiprotons at a maximum kin-
etic energy of 14.5 GeV is part of the GSI (Gesellschaft
fir Schwerionenforschung) future project [5]. The beam
quality of 2x10” and the high average luminosity of
2x10*? ¢'em™ are main objectives of the HESR [6]. Ob-
viously, such parameters can by achieved by strong
electron beam cooling, which is mandatory for high lu-
minosity as well as for high energy and angular resolu-
tion. A cold electron beam at energies up to 8 MeV
(corresponding to an antiproton energy of 14 GeV) with
an electron current of up to 1 A are required with radius
of 3 mm. A high cooling rate can be achieved only by
the co-called magnetized cooling. It requires a strong
longitudinal magnetic field (B=0.5 T) that guides the
electron beam along the entire interaction region of up
to 30 m length. The electron cooling system with such
parameters is a straight-forward from a physical point of
view although the technical realisation seems to be
rather challenging. In a storage ring such electron cool-
ing system will be as additional focusing element influ-
encing on the beam dynamic of antiprotons beams due
to space charge forces.

In order to determine the complete dynamics of the
beam in the storage ring one needs to supplement the
matrix of the cooling section with the matrix describing
the ion beam motion in the storage ring. That can be
done by using ion-optical codes (for instance MAD,
TRANSPORT) where the external matrix is possible to
introduce.

We calculate the lattice functions of the HESR with
and without ECS by MAD code, introducing the trans-
fer matrix, which elements are calculated by formulae
(6). The parameters used to derive proper transfer mat-
rix of the ECS are given in the Table.

Antiproton energy [GeV] 1.3
Magnet rigidity, BR, [Tm] 6.17
Neutralization factor, n 0.01
Solenoid field strength, By [T] 0.0
Electron beam radius,a [mm] 3
Electron beam current, 1., [A] 1
Length of cooling section, Lo [m 30
Q'=B/BR 0.044

The lattice functions over the HESR, where the ECS
is treated as a drift space, are shown in Fig. 1. This is a
desired beta function distribution over the ring. A small
value of beta functions (1 m) in both planes is required
at the internal target and large ones (100 m) at the ECS.
At high energy of antiprotons (more than 3 GeV) the
ECS influences on the lattice functions is weak. Hence
there is no need to make additional matching of the
cooler section with optic of the rest ring. If the energy of
antiprotons is below 3 GeV the lattice function of the
ring is changed drastically. To demonstrate the influence of
the ECS on the lattice functions only due to space charge
focusing of the electron beam in the ECS we exclude the
longitudinal magnetic field from our simulation.
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Fig. 1. Lattzcefunctzdons Zlf_the HESR. The ECS is Fig. 2. Lattice functions of the HESR. The ECS with
treated as drift space electron beam but without longitudinal magnetic field
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MATPHIIA TIEPEXOJIA JJI51 BICOKOSHEPT ETHYECKOI CUCTEMBI
JIEKTPOHHOT'O OXJIAYKIEHUST

A. onunckuii, I1. 3enkesuu

BriBoauTcs MaTpuiia mepexoa Ui BHICOKOIHEPIeTHUECKOHW CHCTEMBI AJIEKTPOHHOTO OXJIAXKACHHS, KOTOpas
OIKCHIBACT JINHCHHBIC HEKOTePEHTHBIC 3 (hekThl. Takas MaTpHIla MO3BOJISIET PACCMATPHUBATE CEKIIHIO 3JEKTPOHHOTO
OXJIAXK/ICHUS B KOJBLE, KaK JOTOJIHUTEIBHBIN (DOKYyCHPYIOIMHA 3IIEMEHT, MCKaXAIOIIUH OonTHYecKue (yHKIUN
BCIIEICTBHE CHJI MPOCTPAHCTBEHHOTO 3apsia. [lonmydeHHass MaTpuila MOKET UCIIOJIb30BaThCS B PA3IMUHBIX ITPOrpaM-
max (MAD, MIRKO, SixTrac u ap.) i mpoBeAeHUS NPEIU3NOHHBIX PACUCTOB ONTHKH ITyYKa U JHHAMHUYCCKOMN
amepTypsl B HAKOUTENBHBIX KOJIBIAX, T/Ie TUIAHUPYETCS YCTAHOBKA BRICOKOIHEPTETHUECKUX CHCTEM JJIEKTPOHHOTO
oxJakJeHusl. B kadecTBe mpumepa NpUBEIEH pacyeT ONTHKU BBICOKOIHEPI€TUYECKOTO HAKOIUTEIBHOIO KOJIbLIA
[6], BBIIOTHEHHBIN ¢ TOMOIIBIO TporpaMMbl MAD 1 BEIBEZICHHON MaTpUIIBL.

MATPHLISA IIEPEXOY JUISA BACOKOEHEPTETUYHOI CHCTEMH EJIEKTPOHHOI'O OXOJIOIKEHHS

A. Jonuncokuii, I1. 3enkeeuu
BHBOIUTHCST MATPUIIS MIEPEXOY AJIsl BUCOKOCHEPIETUYHOI CHCTEMHU EJIEKTPOHHOTO OXOJIOMKEHHS, SIKa OIUCYE
TiHiMHI HeKorepeHTHI edekTu. Taka MaTpuIs T03BOJSE PO3TISLAATH CEKINI0 €IEKTPOHHOTO OXOJIOKCHHS Y KIJIBIII,
SIK TOJATKOBHU (DOKYCYIOUHIl €JIeMEHT, SIKHi CHOTBOPIOE ONTUYHI (DYHKI[iI BHACIIZOK CHJ IPOCTOPOBOTO 3apsiiy.
OTpuMaHa MaTpHIs MOXXE BHKOPHCTOBYBaTHCSA y pi3HHX mporpamax (MAD, MIRKO, SixTrac Ta iHmmx) mis
NPOBEICHHS NPEUU3iHHNX PO3PaXyHKIB ONTHKM IMy4Ka Ta AMHAMIYHOI arnepTypHd HarpoMajpKyBalbHHUX Kilelb, 1€
TUTAHYETHCS TUIAHYETHCSI YCTAHOBKA BBICOKOGHEPTETHYHUX CHCTEM BJIEKTPOHHOTO OXJIAXICHUs. SIK MpUKIan HaBe-



JICHO PO3paxyHOK ONTHKH BHUCOKOCHEPTETHYHOTO HATPOMaJKYBaJbHOTO KiJblsl [6], BUKOHaHHMH 3a JONOMOTOIO
nporpamu MAD Ta BHBe/IeHOT MaTpHIIi.
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