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Beam dynamic investigation is difficult for superconducting linac consisting from periodic sequences of inde-
pendently phased accelerating cavities and focusing solenoids. The matrix calculation was preferably used for pre-
vious estimate of accelerating structure parameters. The matrix calculation does not allow properly investigate the
longitudinal motion. The smooth approximation can be used to investigate the nonlinear ion beam dynamics in such
accelerating structure and to calculate the longitudinal and transverse acceptances. The potential function and
equation of motion in the Hamiltonian form are devised by the smooth approximation. The advantages and
disadvantages of each method will describe, the results of investigation will compare. Application package for ion
beam dynamic analysis will create. A numerical simulation of beam dynamics in the full field will carry out for the
different variants of the accelerator structure based on analytically obtained results.

PACS: 29.27.-A, 29.27.Bd

INTRODUCTION

High-current accelerators have great perspectives for
problems of thermonuclear fusion, safe nuclear reactors,
transmutation of radioactive wastes and free electron
lasers. A large number of low energy particle accelera-
tors are applied in micro- and nanoelectronics, material
science, including the study of new construction materi-
als for nuclear industry, in medical physics, in particular
for cancer treatment by using of the accelerators of pro-
tons and light ions, in radiation technology. It is pro-
posed to use one universal accelerator, consisting of
independently phased cavities and solenoids sequence to
solve these problems.

An ion superconducting linac is usually based on the
superconducting (SC) independently phased cavities.
This linac consists of the niobium cavities which can
provide typically 1 MV of accelerating potential per
cavity. Such structures can be used for ion acceleration
with different charge-to-mass ratio in the low energy
region [1] and for proton linac in the high-energy region
(SNS, JHF, ESS project). It is desirable to have a con-
stant geometry of the accelerating cavity in order to
simplify manufacturing and to decrease the linac cost.
Such geometry leads to a non-synchronism but a stable
longitudinal particle motion can be provided by proper
RF cavities phasing. The beam can be both longitudi-
nally stable and accelerated in the whole system by con-
trol of the accelerating structure driven phase and the
distance between the cavities. In this paper two methods
of the beam dynamics investigation are compared for
low ion velocities and for the charge-to-mass ratio
Z/A = 1/66. This comparison can be demonstrated with
an example a post-accelerator of radioactive ion beams
(FRIB) linac, where beam velocity increases from
B=0.01toB=0.06[1].

Beam focusing can be provided with the help of SC
solenoid lenses, following each cavity and with the help
of special RF fields. As was shown early the beam fo-
cusing can be realized for the solenoid field near
B ~20T. The value of magnetic field B can be reduced
by using of addition APF. The smooth approximation
has been applied to study the alternating phase focusing
(APF) in RIB linac. By adjusting the drive phase (¢,
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and @,) of the two cavities, we can achieve the accelera-
tion and the focusing by less magnitude of magnetic
field B [2]. Adding a focusing solenoid into focusing
period will also allow separate control of the transverse
and longitudinal beam dynamics. A schematic plot of
one period of the accelerator structure is shown in Fig.1.
The low-charge-state low velocity beams require
stronger transverse focusing than one is used in existing
SC ion linac. Early investigation of beam dynamics
shows that for the initial normalized transverse emit-
tance er=0.1 m-mm-mrad and the longitudinal emit-
tance ey = 0.3m-keV/u-nsec the connection between the
longitudinal and transverse motion can be neglected if
maximum beam envelop X, <3...4 mm and inner ra-
dius of drift tubes @ = 15 mm.

Beam dynamics in such systems cannot be studied
by means of analytical methods only. The initial setup
of the system consisting of different types supercon-
ducting resonators and focusing solenoids or quadru-
poles, can be performed using the transfer matrix calcu-
lation and the method of smooth approximation, and
then refined the beam dynamics simulation in polyhar-
monic field.
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Fig.1. Layout of structure period

Code BEAMDULAC-SCL developed in the

laboratory DINUS allows comprehensive research ion
beam dynamics in a different structures that satisfy the
acceleration of many methods. To evaluate the
accelerator parameters implemented transfer matrix
calculation method. With a smooth averaging can
determine the stability region and to calculate the
dynamics of a single particle and beam. And for
completion, to verify selections, we perform the
calculation of beam dynamics in polyharmonic field.
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1. MATRIX CALCULATIONS

The conditions of longitudinal and transverse beam
stabilities for the structure consisting from the periodic
sequence of the cavities and solenoids were studied
early using transfer matrix calculation [2]. The code

window with the plots of dependencies dimensionless
parameter o, phase advances per period (Floke parame-
ters), magnetic field which need for beam stable motion
with envelope value Xm = 3 mm is shown in the Fig.2.
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2. BEAM DYNAMICS IN SMOOTH
APPROXIMATION

The general axisymmetric equations of motion for
ion moving inside an accelerator can be written as

2,2
()L S 2k
2,2
d( dr eZ - e“Z o 2
Sy | = E Fall-BB ) o AZ.
dt(ydtj am N1-pp ) 222y or 0

In every cavity the acceleration RF field of periodic
H-cavity can be represented as an expansion in spatial
harmonics

E = EOZIO(hn r)cos(hn (z—zl. ))cos((ot), 5

E, = E, 5 1,(1,)sin(h, (-~ =, Deos(wr) | )
where E, is the amplitude of RF field at the axis (£, # 0
if -L,/2 <z—z;<L,/2), h,=n/D+2mn/D,n=0, 1, 2, ...,
D;=psM2 is the cavity accelerating structure period
length, L, is the cavity length, z; is the coordinate of the
i-th cavity center, I, I; are the modified Bessel func-
tions. Let we call particle which accelerating on axis
and does not have slow phase and transverse oscillation
term as reference. In our case the reference particle ve-
locity B. and the geometrical velocity B¢ are closely for
each class of the identical cavities. Retaining in (2) only
zeroth RF field harmonic we can use the traveling wave
system. In this system ¢ can be replaced by
ho(z—z;) + @o;, where @, is the RF phase when the refer-
ence particle traverses the cavity center. In equation (1)
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Eg.Z. Beam dynamic transfer matrix calculation

the value 4, is the azimuthal vector-potential of the
magnetic field in solenoid (B = rotA4).

In SC linac design, it is very important to know the
bucket size since it relates to the longitudinal RF focus-
ing. But the linac longitudinal acceptance cannot be
obtained by matrix method because of the assumption
that the particles have small longitudinal oscillation
amplitude. In order to investigate the nonlinear ion
beam dynamics in such accelerated structure and to cal-
culate the longitudinal and transverse acceptances it can
be used smooth approximation [3,4]. In this paper,
equation of motion for ion beam in the Hamiltonian
form is derived in the smooth approximation for super-
conducting linac.

Let us consider the particle motion in the polyhar-
monic fields of the cavities and solenoids. The ion dy-
namics in such periodic structure is complicated. The
particles trajectories can be presented as a sum of the
slowly term and a fast oscillation term with a period L.
The normalized particle velocity deviation with respect
to the reference particle velocity, AP, can be represented
as a sum of a slow motion term and a fast oscillation
term also.

Following Ref. [5] one can apply an averaging over
the fast oscillations and obtain the phase (y) and radial
(p = hor) motion equations in smooth approximation:
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where U= Uy + U, + U, is effective potential function.
We use the following designations:

U, = —4a[\y{cosq)l +cos@, |~ 1, (p){sin(p, +y)+sin(g, +\|/)},]

U, = 1,0*{2(cos ¢, +cos ¢, )sin @, +sin @, )y +
+15(p)[cos(g, + ) +cos(p, +w)f +

+ 112 (p)[sin((p1 + \|1)+ sin((p2 + w)]2}+
+ xzaz {2(005 ¢, — cos (pz)(sin ¢, —sino, )\41 + “)
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Here o = neZUL/2AAmc’B.y, is the interaction pa-

rameter, B = (eZBL/2AmcP.y.)" is the focusing parame-
ter.

In this expression for U,y we take into account the
coherent oscillations of bunches and the effective poten-
tial function describe slowly oscillations in the reference
particle frame. Earlier, in [5] the effective potential
function was found in the frame where averaged veloc-

ity of the reference particle, Bc =0.

The analysis of the effective potential function
makes it possible to study the condition at which the
phase and radial stability of the beam is achieved and to
calculate the longitudinal acceptance.

U, = Uqﬁ(0,0)+%(2§\y2 +%pr2 +.. O

The code window with the frequencies of
longitudinal and transverse oscillations, the cross
section of the potential function and change the size of
the separatrix is shown in Fig.3.
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Fig.3.

The frequencies of longitudinal and transverse oscillations, potential function cross-section and separatrixes

for different approximation cases

3. NUMERICAL SIMULATION
OF ION BEAM DYNAMICS

3.1. SINGLE PARTICLE MOTION

For the analyses of longitudinal and transverse mo-
tions the beam dynamic was studied in averaged on fast
oscillations field. Field’s components can be obtained
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from the effective potential function in smooth ap-
proximation. The solution can be obtained only by nu-
merical simulation because the field components are
nonlinear functions. The greatest interest represents
modeling of the dynamics of the full field. The results
of ion beam numerical simulations in polyharmonic
field with Z/A = 1/66 are shown in Fig.4.
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Fig.4. Particle trajectories during acceleration

3.2. BEAM DYNAMICS ify of the result obtained bellow. Geometrical velocity

The initial parameters of numerical simulation for
this system are similar to the previous one. The initial
particle phase in the cavity are ¢; =—30° and ¢, = 20°,
and magnetic field of solenoid is B =14 T. The beam
moves through 8 periods in this case. The numerical
simulation in polyharmonic field was performed to ver-

Bg varies in each cavity. The results of ion beam nu-
merical simulations in a polyharmonic field are close to
results received in smooth approximation. The beam
longitudinal volume increase is negligible and trans-
verse emittance slowly vying. The results are shown in
Fig.5 agree with previously calculation.
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Fig.5. Beam dynamics in the polyharmonic field
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4. NUMERICAL SIMULATION approximation gives very good agreement with the
IN POLYHARMONIC FIELD simulation in polyharmonic field. By the smooth ap-

] ) o ) proximation it is studied nonlinear ion beam dynamics
The numerical simulation in polyharmonic field was i, linac with combined focusing.

performed to verify of the result obtained bellow. The
simulation was spent for the same focusing periods and REFERENCES
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results of ion beam numerical simulations in a polyhar- Proc. of EPAC 2004, p. 1405-1407.
monic field are close to results received in smooth ap- 3 ' Masunov. N.E. Vino gradov // Phys. Rev. ST-AB 4
proximation. The beam longitudinal volume increase 2001 070101" ’
negligible and transverse emittance slowly vying. 4. Ji Qi’ang, R.W. Garnett // Nucl. Instr. and Meth. A.
CONCLUSIONS 2003, v.496, p.33.
o ] 5. E.S. Masunov, A.V. Samoshin // Proc. of PAC2007,
The methods of the beam focusing in SC linac p.1568-1570.

analysis are compared for low ion velocities. By the ¢ Egg Masunov, A.V. Samoshin // Proc. of RuPAC 2006,
smooth approximation it was studied more detailed p.162-164.
nonlinear ion beam dynamics and founded the beam
stability area. It was done the recommendation for Cmambws nocmynuna 6 pedaxyuio 23.09.2011 2.

choice of the reference particle phases and the value of
solenoid magnetic field B. It was shown that the smooth

KOMILIEKCHBIN IMMOJIXO0/I K AHAJIM3Y TUHAMUKHA ITYYKA B CBEPXITPOBOJISIIEM
JUHEMHOM YCKOPHUTEJIE

A.B. Camowmun

AHanu3 AMHAMHUKU HOHHOTO ITyYKa B CBEPXIPOBOJSILEM YCKOPHUTEIE, COCTOAIIEM U3 MOCIEA0BAaTEIbHOCTH He-
3aBUCHMO (ha3MPOBAHHBIX YCKOPSIOIIMX PE30HATOPOB M (DOKYCHPYIOIIMX COJICHOWJOB, MPEACTABISIET CIOKHYIO
3amady. s mepBOHAYANbHOM OIIEHKH IapaMeTPOB YCKOPSIOMIEH CTPYKTYPHI YAOOHO HCIOJB30BATH MATPHUHBIN
MeTox pacdera. MaTpuuHBI METO HE AaeT BO3MOXXHOCTH KOPPEKTHO HCCIENOBATh MPOJOIbHOE ABIKEHHUE. s
HCCIEI0BAaHUS HETMHENHON TMHAMUKU B TAKOW YCKOPSIOLIEH CTPYKType U ONpPEAESIEHUs NIPOIOJIBHOTO U IOIepey-
HOTO aKCENTAHCA MOXET OBbITh HCIIOIb30BaHO INIaAKOE NMpUOMIbKeHne. B riaakoM npubarmKeHu HaliieHa OTeHIH-
anbHas (QYHKLUS M ypaBHEHUs IBIDKeHHA B Gopme ypaBHeHHs ['amuibToHa. ONUCHIBAIOTCS HOCTOMHCTBA M HEIOC-
TaTKW KaXJ0ro Me€roaa, mpoBOAUTCA CPABHEHUE PE3YJILTATOB UCCIICIOBAHU. CO3,Z[8.H MaKET MPUKIIAAHBIX ITPOrpaMMm
UIA aHajin3a AUHAMHUKH ITy4YKa WMOHOB. Ha ocnHose TMOJYYCHHBIX JaHHBIX MPOBCACHO YHCICHHOC MOJACIUPOBAHUC
JAVMHaMHWKU ITy4YKa B IMOJTHOM I10JIC IJIA PA3JIMYHBIX BAPUAHTOB YCKOPUTEJIA.

KOMILJIEKCHUM MIIXI 10 AHAJII3Y JIMHAMIKHA ITYUYKA B HAJIITIPOBIJTHOMY JITHIHHOMY
IMPUCKOPIOBAYI

O.B. Camowun

AHali3 TMHAMIKH 10HHOTO ITy4Ka B HAAMPOBIIHOMY IIPHCKOPIOBAYi, IO CKIAAETHCS 3 MOCIITOBHOCTI HE3aJIeK-
HO (ha30BaHUX MPUCKOPIOIOYNX PE30HATOPIB 1 (POKYCYIOUMX COJICHOINIB, MPEACTaBIIe CKIAAHY 3anady. s mouar-
KOBOT OLIIHKM MapaMeTpiB IPHCKOPIOIOYO0i CTPYKTYPU 3pYYHO BUKOPHUCTOBYBATH MATPHYHHHA METOI PO3PAXYHKY.
MarpudHuit METO He JIa€ MOKJIMBOCTI KOPEKTHO JOCIIDKYBATH MO3A0BXKHIN pyX. Juist qOCHimKeHHsT HeTiHIHHOT
JUHAMIKH B TaKiil IPHCKOPIOIOYIN CTPYKTYpPi Ta BU3HAYCHHS MTO30BXHBOTO 1 IONEPEYHOT0 aKCenTaHca MOXKe OyTH
BUKOPHCTAHO TJIa/IKe HAOMIDKEHHsS. Y TJIAAKOMY HaOJNWKEHHI 3HAIeHO MOTEHMiNHY (YHKIIiIO 1 piBHAHHS PyXy B
¢dopmi piBHsHHA ["aminbToHa. ONMUCYIOTHCS MEpeBard 1 HEJOJMIKH KOXKHOI'O METOJY, TPOBOIAMTHLCS MOPIBHSHHS pe-
3yJIbTaTiB JgociipkeHHsl. CTBOPEHO MakeT NPUKIAJAHUX MpOTpaM Ul aHajli3y JMHaMiKu nmydka ioHiB. Ha ocHoBi
OTPHUMAaHUX JIaHUX HPOBEICHO YMCEJbHE MOJICNIOBAHHS JUHAMIKHM IIy4YKa B ITOBHOMY IOJI JUIS PI3HUX BapiaHTIB
MIPHUCKOPIOBAYA.
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