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One of the most important scientific and technical challenges is the design and development of a new type power
reactor, which has a higher nuclear safety. At present several projects related to the so-called hybrid (subcritical) reac-
tors, based on high power proton accelerators, are realized worldwide. Accelerator-driver, as a part of hybrid system
(ADS), must meet a number of requirements, among which small losses of the accelerated particles. To fulfill this
requirement, it is necessary to ensure small beam emittance at the injector output, exact alignment and work stability
of all accelerator parts, a careful study of the beam halo formation and envelope control. On the basis of the devel-
oped beam envelope control method main parameters of the linear accelerator-driver initial part which provide high
acceleration rate under small particle losses are chosen. Numerical simulation of self-consistent high intensity proton

beam dynamics in the initial part of the accelerator-driver is performed.

PACS: 02.30.Em; 41.75.Lx
INTRODUCTION

One of the most urgent problems of accelerator en-
gineering to date is a design and development of high-
performance high-current systems for an injection and
acceleration of low-velocity proton and ion beams. In
particular, 18 countries of the World declared the design
and development of systems on the basis of the acceler-
ator drivers (ADS) to date. The most developed projects
of these systems, which based on linear accelerators, are
MYRRHA (Belgium), ESS (Sweden), IFMIF (ltaly) [1 -
3]. In order to ensure the safety and stability of this
systems it is used well-tried and proven engineering
solutions. The initial part of a linear accelerator-driver is
a section with spatially homogeneous quadrupole focus-
ing (RFQ), as a general rule. However, a grave draw-
back of classical RFQ structures is the relatively low
acceleration rate that often leads to an increase of the
accelerator driver total length. Structures with RF focus-
ing by means of spatial harmonics (an acceleration rate
of which can reach up to 1.5...2 MeV/m under high
current transmission) can be used as an alternative to
channels with RFQ. In addition, main losses of the par-
ticles typically occur in initial parts of the RFQ sections
due to Coulomb interaction. Therefore it is necessary to
develop an analytical method to control the beam enve-
lope and halo formation. The goals of this work are to
present beam dynamics investigation method, which
allows one to perform optimization of linac parameters
in order to realize beam envelope control, and to define
main parameters of structure with RF focusing by
means of nonsynchronous spatial harmonic which guar-
antee high acceleration rate under high current transmis-
sion (over 90 %) and halo formation decrease.

1. ANALYTICAL RESULTS

It is difficult to investigate a beam dynamics in a
high frequency polyharmonic field. Therefore, one can
use a method of an averaging over a rapid oscillations
period, following the formalism presented in Ref. [4].
One first expresses RF field in an axisymmetric periodic
resonant structure as Fourier’s representation by spatial
harmonics of a standing wave assuming that the struc-
ture period is a slowly varying function of a longitudinal
coordinate z
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where E, is the nth harmonic amplitude of RF field on
the axis; k, = @+2nn JD is the propagation wave
number for the n-th RF field spatial harmonic; D is the
resonant structure geometric period; 6 is the phase ad-
vance per D period; o is the circular frequency; lo, I; are
modified Bessel functions of the first kind.

One has to take into account non-coherent particle
oscillations in the beam being accelerated. To this end,
one introduces a notion of a reference particle, i.e. a
particle moving on the channel axis. This particle is at
the point with coordinates (z;; 0) at given moment of
time (subscript “r”” means a value for the reference par-
ticle). A magnetic force can be neglected for low-energy
ions. Assuming that dr/dz << 1 one passes into the ref-
erence particle rest frame. There is a differentiation over
longitudinal coordinate in the beam motion equation.
Thus, the motion equation together with an equation of
particle phase variation can be presented in a view of a
system of the first order differential equations as follows
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The following dimensionless variables were intro-
duced here: ®=y,—y, vy is the Lorentz’s factor;
g=2mz/h, &, :eEHYl/?,/ZﬂfT]OCZ, e is the elementary
charge, A is a wave length of RF field, mq is proton rest
mass, c is the light velocity in free space; B, =v),./c,
y=o€-t, 5 Note, it can be assumed that
© ~B, @ —B, > Where B, is the equilibrium particle
velocity and s is a number of the synchronous harmonic,
provided |B;—Bs|<<1 is satisfied. Therefore, we can
write dy/d&~ @, —B IB? for the last equation of
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the system (2). Now the first and the third equations of
the system (2) can be united as follows
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and the second equation of the system (2) can be rewrit-
ten in the form
d?s
de&? f”df ﬁ 5
where & = 2nr/Bs)A is the dimensionless transverse var-

iable and k = (InB;).. On averaging over rapid oscilla-
tion period one can present the motion equation in the
smooth approximation with the restrictions mentioned
above in the following matrix form
Y +AY =-LU,, (5)

where the dot above stands for differentiation with re-
spect to the independent & variable. Hereafter v and &
mean its averaged values and
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U, is an effective potential function (EPF) describ-
ing a two-dimensional low-energy beam interaction
with the polyharmonical field of the system. For Wid-
eroe type structure in the case of two spatial harmonics
(one of it is the synchronous harmonic with n=0, and
another one is the nonsynchronous with n=1) U can
be expressed as

(4)
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Here e, =eE,A/2nB 2myc?; ¢, is the reference par-
ticle phase.

To define eigenfrequencies of small system vibra-
tions, EPF is expanded in Maclaurin’s series
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and the coefficients in which are given by
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A character of the vibrations will depend on ratio be-
tween the dissipative coefficient k and eigenfrequencies.
It is necessary that QF >0, Qf; >0 for the beam

envelope has no increase.

2. NUMERICAL RESULTS

Linac parameters with RF focusing by means of one
nonsynchronous spatial harmonic were optimized by
using numerical self-consistent low-energy proton beam
dynamics simulation after beam dynamics optimization
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in one particle approximation on the basis of obtained
analytical results was carried out. Self-consistent beam
dynamics simulations were performed by using a modi-
fied wversion of the specialized computer code
BEAMDULAC-ARF3 based on CIC technique to calcu-
late beam self-space-charge field. To ensure high cur-
rent transmission (over 90%) special optimization of the
field change law was done. It was based on the supposi-
tion that channel acceptance is a nondecreasing function
of the longitudinal beam coordinate. Therefore, taking
into account the equation of motion for the equilibrium
particle, the law of the synchronous harmonic amplitude
variation at a field increasing length can be written as
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where ¢ is a certain function of &, ¢ is a longitudinal
acceptance phase width, ¢s is the equilibrium particle
phase in the synchronous harmonic field, y is the ampli-
tude ratio (ey€o).

Main linac parameters are listed in Table 1. A varia-
tion of the linac parameters are shown in Fig. 1.

(10)

Table 1

Main linac parameters

Parameter Value
Operational frequency, MHz 176.105
Total linac length, m 2
Bunching length, m 1.7
Input equilibrium particle phase -90°
Output equilibrium particle phase —22.5°
Input synchronous harmonic amplitude, 0.5
kV/cm
Amplitude ratio 7.4
Linac half-aperture, mm 5

For example, summarized in Table 2 beam parameters
were used for simulation. It is clearly that input transversal
emittance for ADS linac (about 0.2r mm'mrad) much
smaller that presented in Table 2, but latter one was
used to illustrate an effectiveness of the linac with RF
focusing by means of nonsynchronous spatial harmon-
ics.

Table 2
Input beam parameters
Parameter Value

Particle p

Input energy, keV 65

Input energy spread, % 1

Input radius, mm 2,5

Input transversal emittance, 18
m-mm-mrad

Input beam current, mA 10

The output beam particles phase portraits are shown
in Fig. 2,a (color indicates particle density) and Fig. 2,b
(color indicates particles in corresponding scattering
ellipses). From this Figures one can see that beam has
rather good quality.
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Fig. 1. Main linac parameters
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Fig. 2,a. Output longitudinal beam particles distribution
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Fig. 2,b. Output transversal beam particles distribution
1 - RMS emittance; 2 — Floquet ellipse; 3 — histogram
of particles distribution by radii; 4 — histogram of parti-
cles distribution by transverse velocity components

Beam maximal radius variation along linac is shown
in Fig. 3,a. As one can see there is no beam radius in-
crease as well as transversal emittance one at the linac
output. Main particle losses arise from not quite adia-
batic bunching process and it is observed in longitudinal
phase space mainly (Fig. 3,b).

Halo is an intrinsic property of the beam as it was
stated in [5]. To estimate the halo one can use results
presented in [5] by supposing that the motion is uncou-
pled between phase planes (that is right for axial re-
gion). Thus halo parameter has the next form

_ \/3H0,4H4,0 +9u3, —121 313,
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where u,x is the central moment of the order n,s in
€, dr/dz _ system.
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Fig. 3,b. Transmission vs longitudinal coordinate

The behavior of the halo parameter is illustrated in
Fig. 4. Significant halo formation in the 2D phase-space
corresponds to H > 1 as it is showed by carried out sim-
ulations.

Output beam parameters are listed in Table 3.

Table 3
Output beam parameters
Parameter Value
Output energy, MeV 2
Ouput radius, mm 2,5
Output transversal emittance,
m-mm-mrad 18
Current transmission, % 91
2 H
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Fig. 4. Halo parameter vs longitudinal coordinate

Variation of the linac current transmission coeffi-
cient under different input beam currents is shown in
Fig. 5.
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MOJEJUPOBAHUE TUHAMUKHA CUJIbHOTOYHOI'O IPOTOHHOI'O IYUYKA B HAYAJIBHOM
YACTHU YCKOPUTEJISA-APAVBEPA JIJISI THBPUHBIX CACTEM
B.C. /[o6xo06

OnHOM U3 aKTyalbHBIX HAyYHO-TEXHHYECKUX 3aJa4 SABIIETCA pa3paboTKa M CO3aHNE HOBOT'O THIIA SHEPreTHYe-
CKOT0 peaxTopa, o0Jalarollero MoBhIIICHHONW AAepHOH Oe3omacHoCTho. B HacTosmee BpeMs B MUpE peaiu3yercs
HECKOJIBKO MPOEKTOB, CBSI3aHHBIX C TaK HAa3bIBAEMbIMU I'MOPHAHBIMU (IIOAKPUTHYECKHMH) PEaKTOPaMHM, CTPOSILHU-
MHCS Ha 0a3e NPOTOHHBIX YCKOpUTeNeH 0omnblIod MomHocTH. K yckoputeno-apaiBepy NPOTOHHBIX MYYKOB, BXO-
JAIIEeMY B COCTAaB THOPHIOHOW CHCTEMBI, IPEIBABIAETCA PAA IOCTATOYHO JKECTKHX TPEOOBAHUM, CpeId KOTOPBIX
obecreueHre CBEpXMalIbIX MOTEPh YCKOPSAEMBIX YacTuLl. J{J1s BBIIOIHEHHS 3TOr0 TpeOoBaHHs HE0OX0auMo obecrie-
YHUTHh MaJIoe 3Ha4YCHHE DMUTTAHCA ITy4Ka Ha BBIXOAE WHXKEKTOpAa, TOYHOE COIIacOBaHUE U CTaOMIBHOCTH PaOOTHI
BCEX YacTel YCKOpHTeNs, TIIaTeIbHOe HCClaeJOBaHue 00pa3oBaHMs opeolia IydKa M KOHTPOIb ero ormbaromeil. B
JaHHOW paboTe Ha OCHOBAaHHMHM Pa3pabOTaHHOTO MeToAa KOHTPOJIA 3a orumbaromiell Imydka BBHIOMPAIOTCS OCHOBHBIE
mapaMeTphl HaYaJIbHON YacTH JTUHEHHOT 0 YCKOpUTENsA-IpaiiBepa, 00ecIieunBaIOIie BEICOKUI TEMIT YCKOPEHHUS MPH
MaJbIX norepsx 4yactui. IIpoBomurcs dnciieHHOE MOJEIHPOBAHHE CaMOCOINIACOBAHHOTO CHIBHOTOYHOTO MPOTOH-
HOTO ITy4Ka B HAYaJIbHOW 4acTHU yCKOPUTENSI-IpaiBepa.

MOIE/IIOBAHHSI JUHAMIKH IIOTYKHOCTPYMOBOI'O IIPOTOHHOTI'O IIYYKA
B IOYATKOBIN YACTUHU TPUCKOPIOBAYA-IPAUBEPA JJIA I'NIBPUJHUX CUCTEM

B.C. /To6xo06

OpmHUM 3 aKTyalbHUX HaYKOBO-TEXHIUYHHUX 3aBAaHb € PO3POOKA 1 CTBOPEHHS HOBOT'O THUITy €HEPTEeTHYHOIO PeaKx-
TOpa, 10 Mae€ MiIBHUINEHY sAepHy Oe3meky. B manwmii gac y cBiTi peamizyeThcsl KiTbKa MPOEKTIiB, MOB'SI3aHUAX 3 TaK
3BaHUMH TiOpUAHUMH (I IKPUTHIHUME) peaKTOpaMH, 1o OyIyroThcs Ha 06a3i MPOTOHHUX MPUCKOPIOBAYIB BEIHKOI
moTykHocTi. J[o mpuckopioBava-apaiiBepa MPOTOHHUX MYYKiB, IO BXOAUTH 0 CKIAAy TiOpHIHOI CHCTEMU, TIpes -
BIIETHCS P JOCHTH )KOPCTKUX BUMOT, Cepell SKUX 3a0e3NeUeHHs MOHaHMEHIINX BTPAT MPUCKOPEHUX YaCTHHOK.
Jis BUKOHAHHS i€l BUMOTH HEOOXiIHO 3a0e31eunTH Majie 3HAYCHHS eMITTaHCy ITy4Ka Ha BUXOIl IHKEKTOopa, TOUHE
Y3TOKEHHS 1 cTabiIbHICTE pOOOTH BCIX YaCTHH MPUCKOPIOBAYa, PETENbHE JOCIIKEHHS YTBOPEHHS OpeoIa ImyJKa i
KOHTPOJIb HOTO OTMHAI0YOI. Y Iiif poOOoTi Ha MmiICTaBl PO3POOICHOTO METOIYy KOHTPOIIO 332 OTMHAIOYOI0 ITyYKa BU-
OUMparoThCs OCHOBHI IMapaMeTpH MOYaTKOBOI YACTHHH JIIHIHHOTO IIPHCKOPIOBaYa-IpaiBepa, Mo 3a0e3MedayroTh BHCO-
KU TEMIT IPUCKOPEHHS 32 MAJMX BTPAaT YacTHHOK. [IpOBOIMTHCS YMCETbHE MOACIIOBAHHS CaMOYy3TOJDKEHOTO I0-
TYXHOCTPYMOBOT'O IIPOTOHHOI'O ITyYKa B ITOYATKOBIHM YacTHHI MPHCKOpIOBava-apaiBepa.
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