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Abstract

The report describes a test version of the BETACOOL program developed at the first
stage of the work in the frame of Attachment to the Accord on a Software Development
for Electron cooling Calculation. In the test version two algorithms for simulation of the
ion distribution function evolution are implemented:

algorithm based on calculation of the particle momentum variation (SimCool);

algorithm based on calculation of the particle motion invariant variation (Monte-Carlo).
Two effects are realized in both algorithms: intrabeam scattering and electron cooling.
Intrabeam scattering action can be calculated on the basis of analytical models (mean or
detailed) and in the frame of Monte-Carlo algorithm — using Molecular Dynamics
technique.

In this report the description of the algorithm schemes and basic numerical models are
described. Changes in the interface part of the program are included into new version of
the user manual.
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Introduction

The version of the BETACOOL program described in this report is a further modification
of the program developed in cooperation with BNL, GSI and RIKEN in 2002-2003
years [1-3]. The initial version of the program calculates evolution in time of the r.m.s.
parameters of the ion beam distribution function and particle number. Characteristic
times of the beam parameter evolution for a few general effects are calculated under
assumption of Gaussian shape of the distribution function. The algorithm is based on a
simplest model of the ion beam (the beam is represented with four parameters only -
three r.m.s. emittances and the particle number) that determines its general advantages:
high calculation speed, a possibility to include into calculations many effects which can
be described in the terms of characteristic times - electron and stochastic cooling,
intrabeam scattering (IBS), scattering with residual gas, interaction with internal target,
particle loss in collision point and so on.

The program is object oriented and its structure

- permits to use different formulae for friction force calculation, a few models of the
electron beam,

- allows to take into account errors in the cooler geometry and so on;

- includes different analytical models for IBS growth rates calculation (for this aim an
output MAD file of a ring is used).

The program is divided in two independent parts: physical code and interface part.
Physical code is made using only standard C++ syntax and, in principle, is platform
independent. The interface part is an executable program working under Windows
environment and provides a service for input files preparation and for data post
processing.

The base physical model permits to estimate the ion beam parameters in equilibrium or to
calculate the beam dynamics during thermodynamically equilibrium process, when the
ion distribution function is close to the Gaussian one. For RHIC electron cooling it is
important to simulate an evolution of the ion distribution function during cooling. One
can expect a formation of a dense core of the beam, which will determine the luminosity
value. It follows to strong dependence of the friction force on the ion velocity, therefore
the cooling time for central part of the ion beam can be sufficiently shorter than for the
distribution tails. The situation is more serious in the case of cooling with a bunched
electron beam, when the maximum of the electron density is in a central part of the
electron bunch.

The structure of the base program version, and general objects were developed to be
compatible for calculation of the ion distribution function evolution using Monte-Carlo
method or other methods of multi particle simulation. Monte-Carlo method was realized
for simulation of the electron cooling and interaction with internal target [2].

The test version of the multi-particle program includes two tracking procedures, which
provide simulation of intrabeam scattering process at arbitrary shape of the ion



distribution function. First procedure repeats the algorithm of SimCool program [4] on
the basis of the IBS and electron cooling models existing in the BETACOOL. Second
one realizes Monte-Carlo (MC) simulations and it can use as the analytical IBS models as
the numerical growth rates calculations using Molecular Dynamics (MD) technique. For
realization of the MD algorithm a translator of input MAD file was developed. To speed
up the calculation the additional input file describing the accelerator structure (ASD file)
is used. The program structure is based on module algorithm, which permits reducing the
ring optic structure in accordance with the ASD file. The module library, which includes
all general optic elements of accelerator, was developed as well as the algorithm of Twiss
parameters tracking. Simplest procedures for data post-processing are implemented into
the program.

Description of two tracking procedures, example of ASD file format, structure of the
module library, base numerical models and first results of the test version benchmarking
are the topics of this report. Modifications of the interface part of the program are
described in new version of User Manual made on the basis of user manual for
BETACOOL program [1]. The user manual is a part of this report and included as an
Addendum.

Some basic ideas of multi-particle tracking were described in the physical description of
the BETACOOL program [2]. For instance, the MD algorithm was realized in the base
version of BETACOOL program and in the frame of this work it was modified in
accordance to the module structure of the program. To simplify the understanding of the
document the corresponding parts (with necessary corrections) are briefly repeated here.
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1. General description of the program structure

1.1. Goals of the software development. Description of the algorithms

To provide simulation of the ion distribution function evolution in time one needs to
develop algorithm resolving the following problems: to simulate dynamics of a large
number of particles on the one hand and to simulate a large number of the revolution in
the ring on the other hand.

Required period of the beam dynamics calculation is related to characteristic times of
investigated processes. Revolution period of a beam inside a storage ring usually is of the
order of 10 — 10 sec. Characteristic times of the general processes, which lead to
variation of the beam distribution function, depend on the beam energy, number of
particles, target density, luminosity and so on and can be of the order of 10 - 10° sec. In
more important cases the time of experiment is about one order of magnitude longer.
Correspondingly one needs to calculate the particle dynamics during 10° - 10° revolutions
in the ring.

Presently two base algorithms are used for simulation of a long-term evolution of the
particle distribution function:

the algorithm realized in the SimCool program by V.Parkhomchuk’s group from BINP
(Novosibirsk),

and Monte-Carlo simulation performed in the MOCAC program developed by
P.Zenkevich and A.Bolshakov from ITEP (Moscow).

The goal of the BETACOOL development is to combine both the algorithms (with their
modifications) in the same program, to use a standard input file format for all algorithms,
standard output data format and uniform post processing. Such an approach permits to
perform benchmarking of the algorithms step by step comparing results of the simulation
with the results of r.m.s. dynamics simulation inside the BETACOOL program and with
the results of independent programs. Besides that each algorithm can use all the models
of general effects acting on distribution function.

Both the algorithm of the multi-particle simulation are based on amplification of the
heating and cooling effect action in accordance to a large step over time during dynamics
simulation.

In the frame Momentum variation (SimCool) algorithm the step in dynamics simulation
corresponds to large number of the turns in the ring (~ 10° — 10°). Each effect acting on
the ion beam distribution function is represented by the variation of the particle
momentum components after revolution in the ring. These momentum variations are
amplified by the turn number, which is used as a step for dynamics simulation. The
momentum variation due to IBS is calculated in accordance with analytical models and,
therefore, the structure of the ion ring can be described in the same way as in the r.m.s.
dynamics simulations (by import of MAD output file). The required particle number is
determined by the accuracy of the luminosity calculation and can be of the order of a few



thousands. Detailed description of the MV (SimCool) algorithm realization in the test
version is presented in the chapter 2.

In the frame of Action Variation (Monte-Carlo) algorithm the beam dynamics, in
principle, can be simulated accurately during revolution in the ring. The idea to speed up
the calculation with this algorithm is the following. For each particle deviations of its
motion invariants (two Courant-Snider invariants for the transverse degrees of freedom
and square of the maximum relative momentum deviation for the longitudinal one) are
calculated. At given step of the dynamics simulation for each particle new values of the
invariants are calculated in accordance with the corresponding invariant deviations.
New phases of the particle betatron and synchrotron oscillations are generated randomly.
Description of the MC algorithm is a topic of chapter 3.

Electron cooling, interaction with an internal target and accuracy of the luminosity
calculation are not depending on the ion beam intensity and the number of particles
required for MC algorithm is determined by the required accuracy of IBS simulation. We
plan to use two possibilities to reduce number of particles involved into calculations.

For a coasting ion beam one can use Molecular Dynamics technique. In this case the
motion equations are solved for small number of particles located inside a short cell.
Influence of all other particles is tacking into account through periodic boundary
conditions for the particle distribution function and usage of Evald's sum for calculation
of Coulomb forces. For bunched beam the MD cannot be applied directly, but the bunch
evolution can be investigated by analysis of the dynamics of a few slices along the bunch
length. MD looks very attractive for simulations because it permits to perform realistic
IBS calculation at the particle number of about 1000 and it does not require an increase of
the particle mass and charge.

For bunched beam we plan to simulate the beam dynamics using also so called "macro”
particles, each of them has charge to mass ratio the same as a real particle, but the mass
of the macro particle is larger than the mass of real particle by the factor of the particle
increase. The number of macro particles required for calculations is determined by the
accuracy of the beam space charge calculation. Usually to perform particle distribution
function accurately one needs about 10-30 thousand of particles for each degree of
freedom or for three dimensional problem of about 100 thousands of particles.

The IBS process in the frame of MC algorithm can be calculated using analytical models
(in this case only an output MAD file is necessary for the calculations), or by numerical
integration of the particle motion equation in the ring tacking into account Coulomb
interactions between particles. In the last case one needs to input the ring optic structure
from input MAD file.

Other problem of the Monte-Carlo method related to the calculation speed is simulation
of the particle dynamics in a long optic channel. Necessary step of integration of the
particle motion equations along the longitudinal co-ordinate depends on minimum impact
parameter of interpaticle interaction and relative particle velocity. This value can be of



the order of a few mm. Stable integration of the motion equation at the length of a few
km (as it takes place in the RHIC case) is complicated task. One can solve the problem by
reduction of the optic element number in the ring structure. In this case the particle
dynamics is simulated by numerical solution of the motion equation only in a few
characteristic points on the ring circumference. Between these points the particle
coordinates are transformed linearly with transformation matrices of the ring optic
elements. This procedure is based on the module structure of the ring optics
representation. The module of the optic structure can correspond to real optic element or,
in the case of reduced optic structure, to a few optic elements placed in a line one after
another.

The module corresponding to real optic element contains all the parameters of the
element: geometry of the electromagnetic fields, transformation matrix and lattice
functions of the ring at the module entrance. Inside such a module one can perform all
types of the particle coordinate transformation — linear transformation using the element
matrix and solution of the particle motion equation. Each module can be associated with
effect acting on the particle motion invariant such as electron cooling, internal target,
collision point and so on. The module parameters are input from the input MAD file, the
parameters of the effects — from the input BETACOOL file.

If the module corresponds to a few real optic elements it can provide only linear
transformation of the particle co-ordinates. Reduction of the ring optic structure is
provided by the program in accordance with the Accelerator Structure Description (ASD)
file. This file contains numbers of the optic elements in the input MAD file, where the
IBS process is numerically calculated. All the elements located between these points are
presented by a module, which contains only a transformation matrix and the ring lattice
functions at the entrance. Modules corresponded to real optic elements with a total set of
parameters are located in positions of the IBS calculation. The effects acting on the beam
emittance are located also in these points.

In the test version of the program simplest format of the ASD file was developed. The
file contains only the element number, distance from the start point, the element length
and type of the element or effect. Description of the ASD file format is presented in the
chapter 3.3.

1.2. Program structure. Concept of the data input and output

In the frame of the initial version of the program a few models of the following effects
were developed and tested using r.m.s. dynamics simulation:

- electron cooling,

- intarabeam scattering,

- external heating,

- particle losses in collision point,

- particle losses due to finite beam life-time.

The test version of the program includes presently the following kit of the algorithms:



- r.m.s. dynamics simulation,

- SimCool algorithm, which is based on the analytical model of IBS process simulation
(calculating mean rates or detailed rates for each particle),

- MC algorithm using analytical models of IBS process,

- MC algorithm based on MD technique.

Storage ring optic structure, depending on the effect model and numerical algorithm, can
be represented in the following forms:

- mean lattice parameters,

- lattice parameter variations along the ring,

- set of optic elements from the optic library,

- module structure.

The ion beam can be represented by

- set of Twiss parameters (for the ring optic structure initialization),

- set of the r.m.s. emittances and particle number,

- real particle array at the distribution corresponded to the distribution function of the
beam (for MV (SimCool) algorithm, MC with analytical models of IBS),

- real particle array at the realistic distribution in the transverse degrees of freedom and
periodic boundary condition in the longitudinal one (for MD simulations),

- array of macro particles.

Further development of the program is related to extension of its entire general
components — library of the effects, kit of the algorithms, kit of the ring models, optic
element library, algorithms of the Twiss parameters tracking, kit of the ion beam models.

Nearest steps, which have to be done in the frame of this contract, are to develop the
model of the scattering with residual gas, to realize MC algorithm simulating the macro
particles dynamics, improvement of the ASD file format, improvement of the models of
some effects (electron cooling — in the order to include numerical results of the friction
force calculation, different variants of the detailed calculation of IBS rates). Depending
on the results of benchmarking of the presented version and practice of the beam
dynamics simulation it is possible to develop and include new numerical algorithms into
the program or to provide a modification of existing ones.

To simplify the benchmarking of the program and to provide fast development of the
program the software components have to satisfy the following requirements.

The model of each effect has to be adapted for uniform usage in the frame of each
algorithm of dynamics simulation.

General input parameters has to be independent on the using ring and beam models and
on the algorithm of the dynamics simulation.

Each numerical algorithm has to provide output not only unique parameters necessary for
it, but the same set of general beam parameters. Output of the standard beam parameters
has to be uniformed and independent on the beam model and algorithm of calculations.



The concept of uniform data input is realized by development of input BETACOOL files,
further development of ASD file format. Uniform output of the data is based now on the
following principles:

- each effect acting on the beam emittance calculates heating (cooling) rates and loss rate
at given r.m.s. beam parameters,

- each effect calculates 3-D diagram of the rates in given range of the r.m.s. beam
parameters,

- each numerical algorithm calculates the time dependence of the rates, time dependence
of the r.m.s beam parameters, particle number and luminosity,

- each numerical algorithm using multi particle tracking outputs the particle distribution
function in a few standard files.
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2. Momentum Variation (SimCool) algorithm

Initial plans for this work did not presume the development of the MV (SimCool)
algorithm in the frame of the BETACOOL program and main attention was attracted to
development of Monte-Carlo algorithm. However, the MV algorithm has a few obvious
advantages in comparison with the MC one. Main of them is simplicity and as a result -
high calculation speed. Therefore, the results of simulations using MV algorithm can be
effectively used for benchmarking of MC.

From the other hand, the MV algorithm is under independent development in the frame
of the SimCool program. The possibility to compare results of the same numerical model
realized in independent programs is very fruitful for benchmarking each of them. For this
aim in the frame of BETACOOL program one can realize data output in the SimCool
program format. In the frame of BETACOOL the MV algorithm can be used with all
developed models of general effects. In principle one can repeat accurately the models of
the processes using in SimCool program (it is mainly related to IBS and electron cooling
processes) and after benchmarking the code using results of SimCool program to
compare different models in the BETACOOL program.

2.1. Block scheme of the algorithm

The MV algorithm can be illustrated by the scheme presented in the Fig. 2.1 and includes
the following steps:

- initially the storage ring optic structure is loaded from external file (MAD output file),
mean ring parameters and RF system parameters are loaded from input BETACOOL file,
- in the initial position of the ring an array of particles is generated using random number
generator and matched with the ring lattice functions and synchrotron function,

- thereafter regular algorithm of the particle dynamics simulation is started (“cycle of
dynamics simulation” in the Fig. 2.1).

Each step of the dynamics simulation consists of the following procedures:

- to calculate IBS rates in accordance with analytical model one needs to know r.m.s
emittance values of the particle array and these values are calculated as described in the
chapter 2.2

- in the case of IBS kick calculation using mean diffusion coefficients the IBS growth
rates are calculated using lattice parameters loaded from MAD file, thereafter the
momentum components of each particle are changed randomly with by the angle, which
has the same value for all particles. The scattering angle is calculated in accordance with
the calculated rate values, lattice parameters in the initial position and number of the
revolution step used for dynamics simulation.

- in the case of detailed IBS kick calculation the emittances of the particle array are used
for calculation of the growth rate for each particle individually, the momentum variation
of the particle is calculated in the way as in previous point. For detailed IBS kick
calculation the IBS process models developed in the BETACOOL cannot be used and
realization of this possibility required development of new models.
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- action of the electron cooling on the particle momentum is calculated in the frame of the
cooler representation as a thin lens. The friction force components can be calculated
using different formulae and different models of the electron beam.

Detailed description of all general stages of the algorithm is presented in the next
chapters, the algorithm of the detailed IBS calculation based on Burov’s model is
described in ch. 2.3.3.

Generation of the particle array in the given point of the ring

v

Matching with the ring lattice and RF system

v

1 IBS

Calculation of the r.m.s. emittances

Calculation of IBS growth rates

Calculation of square r.m.s. scattering angle
amplified by the turn number

Cycle Random change of the particle
Cycle o'f the over momentum in accordance with the
Dynamics particles | scattering angle
simulation

— ECOOL ¢

Cycle Change of the particle momentum

0V€f_ in accordance with the friction

particles | force value and the turn number

v
Bunch rotation using the ring matrix

Fig. 2.1. Block scheme of the MV algorithm. In the case of detailed IBS calculation the

calculation of IBS growth rates and square of the scattering angle are performed inside
cycle over particles
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2.2. Generation of the ion initial distribution in the given ring position

The particle array is generated under assumption of Gaussian shape of the distribution
function in all degrees of freedom. Each particle co-ordinate is calculated in accordance
with:

X, =0, .[-2In¢,; sin(27¢,;) (2.1)

&1 and & are random values uniformly distributed in the interval from 0 to 1 generated
with the standard random generator.

In the longitudinal plane the standard deviations of co-ordinate and momentum are
calculated in accordance with the formulae:

Cs :\/a, o, =B.o; (2.2)

2
I . . . A .
where the longitudinal emittance value is determined asg, =(—p } Bs is the
rms

synchrotron function calculated from the RF system parameters:

_Cn
.= (2.3)

where C is the ring circumference, Qs is the synchrotron tune:

1 ZehV
Q =— —772 (2.4)
p A27zmpc 4
h is the harmonic number, V is the RF voltage amplitude, B,y are relativistic parameters, Z
and A are the ion charge and atomic numbers, mj, is the proton mass, 7 = iz—iz .
Y T

In the transverse planes one needs to match the particle array with the lattice parameters
of the ring. This procedure is realized by the following steps.

1. The particle array of a round shape of cross-section is generated using the standard
deviations for transverse co-ordinates and their derivatives:

Gy, = ngx ! Gx’ = 8x'Yx (25)

2. Matching with the lattice parameters the derivatives of the particle transverse co-
ordinates are not changed, the co-ordinates are changed:
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X, = Xround 0('xx (26)

B_A/l+ocX - Yy ’

3. The matching with the dispersion and its derivative:

X=X, +D,8, X' =x;5+D,3. (2.7)

Here and below we use the notation & = ﬂ )
p

2.3. Intrabeam scattering simulation

2.3.1. Beam emittance calculation

The IBS growth rates in the SimCool algorithm can be calculated using analytical model
only. For this aim the beam emittance values are required. The emittance of the particle
array can be calculated using statistical approach or as a mean value of the particle
motion invariants.

2.3.1.1. Statistical approach

The statistical approach in the case of uncoupled transverse motion gives the following
expression for the beam transverse emittance value:

£, = \/<(x = ()= D8 (X = (x) = D'8f )= ((x~(x) - DS ~ (x') - D'8)) " .(28)

where dispersion and its derivative are calculated in accordance with:

(= ()5 -(8)

D, = , (2.9)

(6~
(b =)o - (8)
(63

To control the quality of the distribution function matching with the lattice one can
numerically evaluate the beam Twiss parameters:

D! = (2.10)

By=——""", (2.11)
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a, =—

(o= 00)x' = (x7)

X

, (2.12)

The longitudinal emittance is calculated as a square of relative momentum spread:

e =((6-)). (2.13)

In all the formulae above the angular brackets mean averaging over the array, for
instance:

(x)="E—, (2.14)

where index i is related with the i-th particle and N is the particle number.
2.3.1.2. Emittance calculation at given lattice functions

In the case, when the beam emittance is calculated in the ring position with known lattice
functions and dispersion, the emittance of the particle array can be calculated as mean
values of the particle motion invariant in corresponding degree of freedom. Invariant of
the particle longitudinal motion is given by the formula:

2
I =52+(S_B—‘Z°) (2.15)

Invariants of the motion in the transverse planes are the Courant-Snaider ones and are
calculated as usual. Initially one needs to calculate “betatron” particle co-ordinates:

X, =x-D,06, X,;=x"-DjJ, (2.16)

after that the invariant value is calculated in accordance with the Courant-Snider
definition:

1+a?
| = X5+ 20, X 5 XY + BX (2.17)

X

R.m.s. emittance is related to the mean invariant value as:

£ =m (2.18)
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Both the methods of the emittance calculation were implemented and tested in the
program. Relative difference of the results at the same particle array decreases with the
increase of the particle number. For IBS growth rates calculation an accuracy of a few
percents is good enough. For instance, the difference between emittance value used for
the array generation and calculated from the generated array is of the order of a few
percent when the particle number is a few thousand. Thus both the methods are
equivalent for the IBS rates calculation, however the situation is dramatically changed in
the case of output parameters calculation during dynamics simulation. The second
procedure of the emittance calculation does not sensitive to small mismatching of the
array and only it gives reasonable results of characteristic time calculation.

2.3.2. Mean growth rates

In the case of IBS calculation using mean growth rates, the mean growth rates are
calculated in accordance with one of the analytical model developed in BETACOOL and
the ring structure loaded from output MAD file. When the growth rates are known one
can calculate mean square of the scattering angle taking into account multiplication
factor. The mean square angle after one revolution in the ring can be calculated under
assumption that the alpha function and dispersion in the position of calculation are zero.
In this case initial beam emittance is equal to:

g, = \/<(x —~ <x>)2 ><(x’ —~ <x’>)2> : (2.19)

After the scattering of all the particles on the randomly distributed angle & the new
emittance value is

Expow = \/<(x ~(X)) ><(x' —(x')+ 9)2> . (2.20)
New r.m.s. angular spread value can be calculated as follows
<(x’ —(X')+ 0)2> = <(x’ - <x’>)z> + 2<(x’ - <x’>)€> + <92> :

The second is equal zero because X’ and 6 are independent random values, therefore the
emittance can be expressed as:

(2.21)

Assuming that the square scattering angle is less than the beam r.m.s. angular spread one
can expand this expression into Tailor series with accuracy to the first term. It gives for
the scattering angle such an equality:
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2\ _ Agx
(6°)=2 ~a (2.22)

Using the rate value definition one can writes for the scattering angle:

2 Trev
(0%) = 2%7, (2.23)

where £ is the beta function in the point of the particle array generation, zis characteristic
growth time in corresponding degree of freedom. Here the angular deviation of the

. . . X Al
particle trajectory means relative momentum components: 6, , = Py , 0, = 2P Atter

Nwrm revolutions in the ring the square of the scattering angle is equal to the sum of the
square angles at each revolution:

2 Trev
(0 >=2% - (2.24)

turn *

The variation of the particle trajectory angular deviation is calculated in accordance with
A0 = [(07)¢ (2.25)

where £is the random value with Gaussian distribution at unit dispersion.
2.3.3. Detailed calculation of the growth rates

In the case of detailed calculation of the growth rates the algorithm is similar to the
previous case. However, the characteristic times are calculated for each particle
individually. For this aim one needs to know not only r.m.s. parameters of the particle
array distribution function, but the amplitudes of the betatron and synchrotron oscillations
of the particle. The inverse growth times for each particle can be calculated by numerical
evaluation of the scattering integrals. Under some additional assumption the integration
can be performed analytically in one degree of freedom. For instance, in the frame of
Burov’s model of detailed IBS calculation, the longitudinal IBS rate is presented as:

N r2cL. 2 2 V., V. Vv
AHi EVLZ%V;‘ =\/§ - 2! i - i exp| — Zm2 1, Zm2 @ 2m y 1— zm
- 7 yN,o,0,U, 4o 4o u, u, ux\/E

(2.26)
Here ux are rms velocities in PRF, sxy — rms beam sizes. zm — amplitude of the ion
oscillations over longitudinal co-ordinate, Vymym are the amplitudes of oscillations over
transverse velocities, 1, — modified Bessel function. The form-factor ® is given by the
expression:
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2 X* 4 y? da Exn’
@(x,y>=;exp(— . ij wzj]z exp(—T"Jlo(fx)lo(ny) (2.27)

Horizontal IBS rate relates to the longitudinal one as:

D?+(D'B, +a,D)?
2

NN =
X

Vs (2.28)

m

Where the bar stays for the orbit-averaging.
The Burov’s model was realized in the program and is under the test now.

The formula (2.26) is derived on the basis of plasma relaxation model and does not
contains averaging over the ring lattice parameters. The formula is based under
assumption of Gaussian distribution of the ions flattened in velocity space. To test the
model at the same model of IBS process at initial step of the simulations in the program
the following combination of r.m.s. rates calculation and detailed formula is used. Square
of the particle scattering angle is calculated as

(07) = (02 )JF Vo Vo Vym) (2.29)

where <<92

mean

> is calculated using analytical model of IBS in accordance with expression
(2.24). The form factor F is calculated accordingly to (2.26) as

748 z; V,, V %
F Nom ' Vim) =eXpl ——- |1 n|d| 2, 21— [ [xC.(2.30
(Vzm Xm y! ) p[ 4622} 0[40_22] [ux Uy }[ Uxﬁ] ( )

Normalization constant C is calculated numerically to satisfy the condition: variation of
r.m.s. beam parameters with time has no depends on the way of IBS calculation — mean
or detailed.

2.4. Electron cooling simulation

In the frame of SimCool algorith the action of the electron cooling on the ion momentum
components is calculated in accordance of the cooler representation as a thin lens. In this
case the ion angle variation is calculated in accordance with

F

AG = chool Nturn )

(2.31)

where F is the friction force in LRF, M is the ion mass, lc.o IS the cooling section length,
Nwrm is the revolutions number using as a multiplication factor. The ion co-ordinates are
not changed inside cooler. The friction force components can be calculated using all the
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friction force formulae and all the models of electron beam developed in the
BETACOOL.

Calculation of the particle momentum variation in accordance with (2.31) at large value
of Nwr can lead to artificial diffusion. This process can be explained through analysis of
the particle Couran-Snider invariant variation after the momentum change. For instance,
for the vertical plane the Courant-Snider invariant

1+ a?
|, =% 22420 22"+ 2" (2.32)
z
is changed as
& »,)
S, =28,2+a,2) Z+ﬂz[ J , (2.33)
P P
where X, = ¢z’ . First term in this expression corresponds to cooling, second — diffusion.
p

At zero alpha the situation is completely clear:

o, = ﬂ{Zz;j + 5pzj5pz (2.34)
P) P
1 5p ! H H ’ 5pz H H
and in the case | =% << |z}| the invariant change dl, =2z}, always is negative,
p
because the friction force and particle velocity have opposite signs. In the case
2
‘épz >>|zy| the invariant change is dl, =ﬁz(5sz and always is positive. In the
p
presence of such an artificial diffusion the equilibrium angular spread is about
2'~05 P, and it is determined by the maximum of the friction force value and Nn.
p max

Usually this value is negligible in comparison with that one determined by IBS. In
absence of heating this value determines the limit of thin lens model accuracy.

One can avoid influence of this diffusion on particle dynamics by modification of the thin
lens model. At particle velocity less than one corresponded to the friction force maximum
the friction force value is linearly proportional to the particle velocity:

———— =const 2.35
Mczﬂzye ( )

Solving the particle motion equation:
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a9 = consté (2.36)
ds

one can calculate the final value of the particle angular deviation:

Oin = 6y eXp[ (2.37)

F
#Icool Nturn )
Mc* 570,
which can be used instead of (2.31) at large value of the particle momentum deviation.

2.5. The beam rotation with the ring matrix

To avoid the problems related to the beam mismatching and coupling between
longitudinal and transverse coordinates the beam rotation in the ring is provided in the
following steps.

Initially the “betatron” transverse particle co-ordinates are calculated in accordance with

the formulae presented in chapter 2.3.1.2. Thereafter the betatron coordinates are
transformed in accordance with the coefficients of the ring matrix in the point of the array

generation:
X R R X R R
1 ) 0 R ) U ) (A B
X Jin 27 2 \X )i \Y Jia 43 a ) \Y /i

where notation of the matrix coefficients is explained in the following table:

Mene = . (2.39)

The beam rotation in the longitudinal plane is provided with the usual rotation matrix:

S-S, COS u B,sinu\s-s,
A= gy u cosu | 2P| (2.40)
P Jin B, P Ji

where u value can be arbitrary non-zero.
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After the beam rotation in the longitudinal plane new values of the particles transverse
co-ordinates are calculated from the betatron ones and new value of the longitudinal
momentum deviation.

2.6. Calculation of output parameters

To provide benchmarking of the algorithm used results of r.m.s. dynamics simulation,

one needs to perform calculations of the output data standard for all algorithms. The

emittance and momentum time dependencies are calculated automatically because the

emittance calculation is necessary for IBS calculation. Calculation of the emittance

variation characteristic times is not necessary for the SimCool algorithm as itself.

However these values can be calculated with the standard formulae for the rate values
1_1as (2.41)
T ¢ At

The At in the SimCool algorithm is equal to Ny, multiplied by revolution period. General
problem of these calculations is related to the emittance calculation accuracy. Algorithm
of the emittance calculation can be tested by calculation of the characteristic times in the
absence of heating and cooling effects.

In the absence of heating and cooling effects in the case of statistical emittance
calculation the emittance values are changed after the beam rotation in the ring due to
initial mismatching of the particle array with the ring lattice functions. The relative
variation of the emittance value is proportional to

i (2.42)

where N, is the particle number. At small particle number or at large Nym value this
variation can be comparable with the emittance variation due to cooling and IBS.

In the case of emittance calculation as mean value of the motion invariant the emittance
variation after rotation in the ring takes a place only due to the accuracy of the lattice
parameters calculation through the transformation matrix coefficients. The emittance
variation value does not correspondingly depend on the particle number and is
sufficiently less than emittance variation due to cooling or IBS.
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3. Action variation

3.1. Algorithm scheme

The problems of the calculation speed and numerical algorithm stability in simulation of
a long-term process can be solved using Action Variation method for the beam dynamics
simulation. As against the MV (SimCool) algorithm, one can provide numerical
simulation of the IBS process by direct calculation of particle interactions in the frame of
AV model.

MC method permits to realize both the possibility

— to calculate IBS growth rates in accordance with analytical model under some
assumption about distribution function shape,

- to simulate the particle dynamics in the ring optic structure.

The first possibility permits to compare results of the calculations using SimCool
algorithm and results of the AV simulations. It is very fruitful for benchmarking of both
algorithms.

The second possibility presumes a solution of the problem related to the integration of the
particle motion equation in a long optic structure. This problem is solved in the
BETACOOL program with the module algorithm of the accelerator structure
representation used.

The algorithm of the AV simulations is realized in the following steps (see Fig. 3.1):

1. Loading the ring optic structure from input MAD file.

2. Reduction of the ring structure in accordance with input ASD file.

3. Thereafter the program generates the beam as a particle array in accordance with initial
distribution. Each particle is presented by six-component vector including three co-
ordinates and three components of momentum. The array has to be matched with the ring
lattice.

4. The invariants of the motion for each particle in the beam are calculated using particle
co-ordinates and ring lattice parameters in the particle position.

5. The beam is propagated through the ring by solution of the motion equation in each
optic element of the ring. In the case of module structure of the accelerator the motion
equations are solved only in a few points of the ring. Transformation of the particle co-
ordinates between these points is provided using transformation matrices.

6. After one revolution (or defined number of revolutions) the new values of the
invariants for each particle are calculated.

7. From initial and new values of invariants the rates of invariant variation for each
particle are calculated.

8. One makes a step over long period of time - for each particle new values of invariants
expected after given long period of time are calculated.

9. New particle co-ordinates are calculated in accordance with ring lattice parameters by
random generation of phases of the betatron and synchrotron oscillations.
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Read input MAD file
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Generation of particle array

Calculation of Invariants for every particle, Iy
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IBS:

1. Analytical calculation (kit of analytical models)
2. Molecular Dynamics or MacroParitcles models
(calculation of the right parts of motion equation for
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ECOOL, TARGET, COLLISION POINT, ...

v
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New Invariants for each particle ; =

v

Step over Invariants
Random generation of the betatron and synchrotron phases

0 “rev

Fig.3.1. Block scheme of the Action Variation algorithm
The simulations of the particle interaction can be performed with two methods — macro-

particle dynamics simulation or using Molecular Dynamics technique. In the test version
presented in this report the MD simulations are realized. However, the module structure
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of the program can be used for both the methods and after benchmarking of MD
procedure the development of the macro particle simulation can be sufficiently faster.

Simplest numerical realization of the algorithm steps 7-9 is the following. Characteristic
time of the particle motion invariant variation zis determined by:

1_1d (3.1)
T

I Trev

where 4l is the variation of the particle motion invariant after one revolution in the ring.
New value of the motion invariant after step over time AT is calculated as:

hﬂ;:h(r+élj (3.2)

T

New particle co-ordinates are generated in accordance with:

§=1/1, cosy, s—s, =B/, siny, (3.3)
X, =+/1,B, sing, X, = /[;X(COS([H—OLXSin ). (3.4)
x=X, +D,8, X' =x;+D;3, (3.5)

where y and ¢ are the random values uniformly distributed in the interval from 0 to 2-r.

General problem of the algorithm stability related with the calculation of new value of the
particle motion invariant after step over time. The formula (3.2) is correct at assumption
that

AT [ 7<<1, (3.6)

One can satisfy this condition, for instance, for the particle each motion invariant is equal
to r.m.s. value. It corresponds to compromise between accuracy of calculations and
calculation speed. However, characteristic times for the particles in the central part of the
distribution can be a few orders of magnitude shorter. It follows to physical nature of
both general effects — IBS and electron cooling. Maximum of the IBS rates corresponds
to central part of the bunch and maximum of the friction force corresponds usually to
relatively small value of the motion invariant. If the characteristic time is negative
(cooling) and the condition (3.6) is violated new particle motion invariant calculated in
accordance with (3.2) can has a negative value and the calculations will be abrupt due to
numerical mistake. In the case of positive characteristic time (IBS heating) numerical
mistake will not appear, but the motion invariant variation will be overestimated in
comparison with real diffusion coefficient.
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One can avoid this problem using additional assumptions about nature of high value of
the characteristic times. One can suppose that the high cooling rate corresponds to
maximum of the friction force value. Near the maximum of the friction force the
characteristic time slow depends on the particle motion invariant. In this case the
invariant time dependence can be calculated by integration of the following equation:

dl |
a_r 3.7
dat 37

that gives:

L= exp(ﬂj. (3.8)

r

High value of the heating rate can corresponds only to IBS process, which has a
diffusional character. The heating time in the case of diffusion is the following function
of the motion invariant:

T=——0), (3.9

where D is the diffusion coefficient. Integration of the equation (3.) in this case gives for
the invariant:

1+55 (3.10)

Both formulae (3.8) and (3.10) coincide with the formula (3.2) in the limit case
AT / 7<<1 and do not lead to numerical mistakes at large AT /7 value.

3.2. Program structure on the basis of module algorithm

Both the algorithms — Molecular Dynamics and Macro Particle simulations are based on
the solution of the particle motion equation in the external electric and magnetic fields
tacking into account interaction between particles (Fig 3.2). External fields are calculated
for different optic elements of the ring in accordance with the model of the element. The
models of the optic elements are collected in the Library of elements — xOptics. The ion
ring structure is described in an input file. The program is oriented to the input file format
using in MAD program. The procedures required for reading the MAD input file were
developed and tested.

Additional file prepared by user describes the ring structure used in simulations. To speed
up the calculation one can present the ring as a relatively small number of optic elements
and the beam propagation from the element to element is provided by transformation
matrix. Thus the module structure of the ring (Fig. 3.2) includes real optic elements
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divided by modules, which transformation matrix is calculated as multiplication of
matrices of many optic elements.

Fig. 3.2. Principle of the ring module structure preparation. Lines corresponds to real
optic element, in the red points the particle motion equations are solved accurately,
sectors presents the modules consisting of a few optic elements.

To support this model of the storage ring the procedures translating input MAD file,
providing tracking of Twiss parameters, calculating matrix from initial and final lattice
parameters were developed. Correspondingly the initialization of the ring structure can be
provided in two steps using output or input MAD file. After the ring structure
initialization the particle dynamics are simulated by the same way, independently on
initialization procedure.

Algorithm of the beam dynamics simulation is presented in the Fig. 3.3. The element of
the ring optic structure can return the forces acting on each individual particle inside it (if
this element is a real optic element) or return the transformation matrix (if this element
presents a few real optic elements).

The optic element library, methods of the ring structure initialization and format of
required files are described in the next chapters.
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Fig. 3.3. Block-scheme of the particle dynamics simulation
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3.3. The module library
3.3.1. The ring optic structure

The storage ring in the program is presented as array of modules. Each module of the
accelerator optic structure can contain the following parameters:

- type of the module,

- the module length,

- set of the field harmonics coefficients (multipole components),

- set of the lattice functions at the entrance of the module,

- transformation matrix of the module,

- right parts of the particle motion equation inside the module,

- procedures executing with the particle at the entrance and at exit of the module.

The module parameters are initialized after the program starts during loading of input
file. There are two basic format of the optic structure input file: output MAD file or input
lattice file (MAD input file or SFX input file).

In the case of the ring initialization using output MAD file the module contains only the
module length, set of the lattice functions and transformation matrix. The module
transformation matrix is calculated from the lattice functions at the entrance and at the
end of the module. In this case the numerical solution of the particle motion equations
inside the ring is impossible. Correspondingly the output MAD file is used only in
algorithms calculating IBS process in accordance with analytical models.

When the ring is initialized with the input MAD file initially each module contains
transformation matrix and can return the right parts of the particle motion equation. At
the second step of the ring initialization the program calculates matrix of the ring, lattice
parameters in the ring start position (Twiss parameters of a matched beam) and provides
tracking of the Twiss parameters. After completion of this procedure each module
contains a total set of the parameters and the ring structure permits to realize all the
procedures of the dynamic simulations: r.m.s. dynamics, SimCool, MC at analytical
model of IBS and MC using solution of the particle motion equations for IBS simulation.

In the case when the reduced ring structure is used the structure initialization is provided
in two stages. The first stage is the same as in the case of real structure usage — the
program translates input MAD file, provides the tracking of Twiss parameters and
initializes all the ring elements. At the second stage in accordance with the ASD file
some lines of the elements of the ring are replaced by the module, which contains
transformation matrix.
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3.3.2. Description of the optic library
3.3.2.1. Variables, structure of the optic element

The expressions for the transformation matrix coefficients and right parts of the particle
motion equation depend on the type of canonical conjugated variables used in the
program. In the BETACOOL program transverse motion is described in the traditional
variables: co-ordinate and transverse momentum normalized on the longitudinal
momentum. Longitudinal motion is defined by the “scaled arrival time” and the
longitudinal momentum spread. The vector of canonical variables is

P P E-E
X: X! :_X1 y :_Y, Z:_t_t C, = 0
( P, P, Y, P, S (t—t,)BoC, P, P.p.C

], (3.11)

where X,y are the horizontal and vertical positions, p,,p, are the corresponding

normalized momenta, z is the “arrival time” of the particle multiplied by —cfBo, p, is the
normalized momentum deviation p, = AP/P;.

The particle motion equation in the optic element

X _Eg (3.12)
dz

is solved using one of numerical methods. The right part of the particle motion equation

F can be calculated in the program as a sum of force components, in accordance with
different components of electric and magnetic fields. For instance, each element at non-
zero length includes the components of the right parts corresponding to the drift in a free
space. These right part components are described in the chapter dedicated to “drift”
element and do not repeated in other elements for economy of space.

A few elements (such as bending magnet, solenoid and so) have to provide modification
of the particle co-ordinate at the entrance and exit. Generally this modification is
provided by the matrices of the element’s entrance and exit, but in some cases the action
can have a specific character. In the last case the element action is described in the
corresponding chapter.

The element identifiers and field components variables coincide with the corresponding

variables in the MAD input file. Similarly to the MAD program the effect of multipole
components of the magnets is included as the parameters K; and K5, which are defined as

Y (3.13)
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where Bp = p,/q is the magnetic rigidity.

Matrix of some optic element can be presented as a multiplication of the matrices of the
entrance, body and exit of the element. Below we present the force components, on enter
and on exit actions, transformation matrices for all types of the optic library elements.
3.3.2.2. Drift space

Identifier DRIFT

List of parameters: L — the length of the drift space

Right parts of the particle motion equation:

Fori =£p>ﬂ 0, p,, O, %, 0} (3.14)
0
Transformation matrix:
1 L0 OO 0
01 00O 0
0 01 L O 0
Mu=l0 0 0 1 0 o0 (3.15)
0 0 0 01 2"2
.
0O 00 OO 1

3.3.2.3. Bending magnet

Identifier BEND

Parameters : L, ANGLE, El, E2, K1, K2, HGAP, FINT .

L - is a length of the orbit inside the magnet, and length is a parameter of any optic
element.

ANGLE - is the bending angle.

El, E2 - are the magnet pole angles at the exit and at the entrance of the magnet
correspondingly.

K1, K2 - are the coefficients of multipole components of the field.

HGAP - is the height of the magnet gap.

FINT - is afringe field integral.

The trajectory curvature h is calculated as:

_ ANGLE
L

h

(3.16)

Transformation matrix of the magnet body:
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o
>
>

cX sX 0 0 0 -
B
—kx®-sx X 0 0 0 %
MBEND_BODY: 0 0 cy sy O 0 ,(3.17)
0 0 —ky®-sy cy O 0
2
_h-sx dx-h 0 0 1 2L2_th
p p v p
0 0 0 0 0 1
where
kx=vh? + K1, ky=+-KI,
cx = cos(kx - L), SXZM,
k' if ANGLE =0: dx=0,J1=0 (3.18)
cy =cos(ky - L), sx=Sm(E¢L),if K1=0: cy=1sy=L,ky=0. '
y
kx kx

The transformation matrices of the magnet entrance and exit are calculated using the
following parameters:

A=tg(El, B=tg(E2)
el= A—(2h-HGAP - FINT (1 +sin?(A)) , (3.19)
e2 = A—(2h-HGAP - FINT (L +sin?(B))

and their coefficients are equal to:

1 0 0 0 0O 1 0 0 0 0O

h-el 1 0 0O h-e2 1 0 0 0O
M | 0 0 1 0 0O M 1 0 0 1 0 0O (3.20)

™NERT1 0 0 -heet 100" T 0 0 -he2 100"
0 0 0 010 0 0 0 010
0 0 0 0 01 0 0 0 0 01
Matrix of the magnet is calculated by multiplication of three matrices:

M BEND — M EXIT ° M BEND _BODY M ENTER (3-21)

Right parts of the particle motion equation are calculated as a sum of the drift space right
parts and the following components related to the bending field and inertia force:

31



Foeng Z(O’ &_71 0, 0, ——, OJ (3.22)

During integration of the particle motion equation the particle co-ordinates at the entrance
and at the exit of the magnet are transformed with the matrices Menter and Mexr.

3.3.2.4. Quadrupole lens
Identifier: QUADRUPOLE

Parameters : L, KL, TILT .

K1 - is the coefficients of the quadrupole component of the field.
TILT - is a rotation angle of skew quadrupole.

Transformation matrix is calculated as following:

M QUADRUPOLE — M Q_EXIT * M Q_BODY ° M Q_ENTER (3-23)

Where the matrix of the quadrupole body is:

cX SX 0 0 0 O
—kx?-sx  cx 0 0 0 O
0 0 cy sy 0 O
Mo _soor = 0 0 —ky®>-sy cy 0 0O | (3.24)
0 0 0 0 1 2" 5
VP
0 0 0 0 0 1
and coefficients are calculated from input parameters as follows:
kx =+ K1, ky=+-K1,
cx = cos(kx - L), sx=%, if KI1=0: cy=1sy=L,ky=0. (3.25)
cy =cos(ky-L), sx= %
y

Matrices of the quadrupole entrance and exit are calculated in accordance with:
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C 0 S 0 00O
0 C 0 S 00
-S 0 C 0 0O 5
MQ_ENTER = 0 -S 0 C 0ol MQ_EXIT :(MQ_ENTER) ) (3-26)
0O 0 0 0 10
0O 0 0 0 01
where S =sin(TILT), C =cos(TILT).
Right parts of the particle motion equation are:
Fuas = (0, —K.x, 0, Kyy, 0, 0) (3.27)

During integration of the particle motion equation the particle co-ordinates at the entrance
and at the exit of the magnet are transformed with the matrices Mg _enter and Mg exit.

3.3.2.5. RF Cavity
ldentifier RFCAVITY
Parameters f, V

f - is the RF frequency,
V -is the RF voltage amplitude.

Transformation matrix:

1000 0 0
0100 0 0
0010 0 0 (3.28)
Mereawy =|0 0 0 1 0 0
0000 1 0
0000 -XVCSP
pc ¢
where
o = 27f
P =@, — ot

The RF cavity is an example of optic element at zero length. Inside such element the
particle motion equation is not integrated. The particle co-ordinates at the entrance of this
element are transformed in accordance with the transformation matrix.
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3.3.2.6. Solenoid of the longitudinal field
Identifier: SOLENOID

Parameters: Ks, L.

Ks = BBS - is the longitudinal field strength.
0
Transformation matrix:

2
C? sC SC S° 0 0
Ks Ks
— SCKs C22 -S’Ks SC 0 0
S SC
-sC -— c¢C? — 0 0
M sotenia = Ks Ks ' (3.29)
S°Ks —-SC —-SCKs C? 0 0
0 0 0 0 1 2" 5
r°B
0 0 0 0 0 1
where
C =cos(Ks-L)
S =sin(Ks-L)
Right parts of the particle motion equation are:
Footenoid = (O, Ksp,, 0, —Ksp,, 0, 0) (3.30)
At the exit of the solenoid the particle momentum components are transformed in
accordance with:
Ap, =Ks-y
Ap, =-Ks- X (3.31)
At the exit of the solenoid:
Ap, =—Ks-y
Ap, = Ks-X (3.32)

3.4. Initialization of the ring structure

In this chapter we will use the following notation for the transformation matrix
coefficient:
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% (3.33)

The choice of the matrix (ring or optic element) to be used in each case is explained in
the text below.

In the present version of the program initialization of the ring structure is performing
under assumption that the horizontal and vertical degrees of freedom are independent.
Therefore the program reads only uncoupled lattice functions from the output MAD file.
In the case of ring structure initialization with input MAD file the tracking of Twiss
parameters is correspondingly performed with the formulae for uncoupled motion.

3.4.1. Initialization using output MAD file

When imported the output MAD file, each module of the ring optic structure contains the
following parameters: length L and for each plane the beta and alpha functions,
dispersion and its derivative, phase advance.

To prepare the ring structure for procedure of the structure reduction the program
calculates matrices of each optic element. The coefficient of the transformation matrix
are calculated from the lattice parameters at the entrance and at the exit of the element in
accordance with the following formulae:

BX . XQX of
Rll - ~ B_i(COSMx + (X‘]).( sin Mx)! ng = BZBI SIn My
1

(O(’; _O(‘:)L()COSMX +(1+(X)2((lf)5in My R B:I).(
a XQ X 122 Tq/px
\/BZBl BZ

y
Res = E—i(cosuy +alsing,), Ry, = BB sinp,
1

R21 = (COSMX - (l; sin ux)

(o —a)cosp, +(L+ajo))sinu,

R = \/W , Ry = \/g:lz(cosuy —aysinu,) (3.34)

where u, =y —p, p,=up)—4, and subscript 1 corresponds to the lattice
parameters at the entrance of the module, subscript 2 — at the exit (the lattice parameters

35



at the exit of the module coincide with the lattice parameters at the entrance of the next
module in the module array).

3.4.2. Initialization using intput MAD file. Tracking of Twiss
parameters

When the ring structure is initialized using input file at the first step the program
calculates matrices of all optic elements and calculates the ring matrix by their
multiplication. Thereafter Twiss parameters of the matched beam in the ring start position
are calculated in accordance with the following formulae:

cosp, = (Ry; +Ry,) /2

. ] R.,—-R,)?
sinp, = Slgn(Rlz)'\/Rlz Ry _%

o, = (Ry = Ry) /(2sinp,)
B, =R, /sinp,
Y, =—R,, /sinp,
_ (1_ R22)R16 + R12 Rze
" 2- R11 - Rzz
- (1_ Rll)RZG + R21R16
! 2- R11 - Rzz

D

D

(3.35)

in horizontal plane, and analogously in vertical plane

cosp, =(Ry +R,)/2

. : Ry, —R,)°
sinp, = sign(Ry,) - \/R34 "Ry _M

o, = (Rys = Ryg) (2sin )
B, =Ry /sinp,
Y, =—Rg/siny,
_ (1-Ry)Rs + Ry Ry
’ 2_R33_R44
D;, _ - Ras)R4e + RysRyg )
2-Ry =Ry,

D

(3.36)

Here R;; are the coefficients of the ring matrix.
These parameters correspond to the lattice functions at the entrance of the first ring optic

module. To calculate lattice functions in other optic elements the program provide the
tracking of Twiss parameters in accordance with the following formulae:
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X _ (Rup; — Rlzaf)z + R122

B Y
2 B,
al=— (RuB: — R0 )(Rusfr — Ryp0) + R,Ry,
By

vy =By R221 — 20, R, Ry, + 75 R222
R
wt =+ arctg[%j
Ri;B; — Rpay
sz = R11 Dlx + RlZ Dlpx + R16
D =R,,D) + R,, D + Ry, (3.37)

in horizontal plan,e and in vertical plane:

y _ (RysBy — Ryia))” + Ry,

B
? BY
o =— (Ry3BY — Ryya) )(R,BY — Rya)) + Ry Ry,
J =
BY

vy =B Rfs =20y Ry Ry + 7/ Rf4

R
- +arctg[—34 ]
RyBy — Ry0f

D, =RyD;' + Ry, D + Ry
D =RyD +RyuDP +Ryq. (3.38)

Here R;; are the coefficients of the module matrix. Phase advances at the exit of the first
module are equal to zero in both planes.

3.4.3. Format of input file describing the accelerator structure

Example of the ASD file used for reduction of the accelerator structure is presented in the
Fig. 3.4. Each string of the file contains number of the element for IBS calculation,
distance to this element from the ring initial point, length of the module and the identifier
of the module type. To indicate heating or cooling effect located in the point of IBS
calculation special identifiers are used, for instance ECOOL and TARGET. To include
the effect into input MAD file the label of corresponding element has to coincide with
one of the key words: xECOOL or xTARGET.

37



0,s=0,L=15: ECOOL
10,s=9.5,L=2:SBEND
20,s=20,L=1":
30,s=295L=1:

39’ 40,5 =405, L = 0.5 : QUADRUPOLE
80 . 50,5 =50, L = 0.5 : QUADRUPOLE
119, QUAD 60,5=605 L=1:
160 , BEND 70,s=70,L=1:

’ 80,5=79.5L=2:SBEND
199, _
240 90,s=90,L=1":
280 100,5=995 L=1"
321 . QUAD 110, s =110.5, L = 0.5 : QUADRUPOLE
360 120, s =120, L = 0.5 : QUADRUPOLE
402 BEND 130,5=1305L=1:
441 140, s = 224.7333638, L = 0 : TARGET

Fig. 3.4. Example of the ASD file format. Left — initial ASD file. Right — file describing
reduced ring structure.

3.5. Intrabeam scattering simulation
3.5.1. Calculation of the growth rates on the basis of analytical models

The usage of analytical model for IBS simulation is similar to that one in SimCool
algorithm. In the position of IBS calculation in accordance with the lattice function of the
corresponding module the characteristic times are calculated using one of the models
developed in the BETACOOL. When the growth rates are known one can calculate mean
square of the scattering angle taking into account the module length:

2\ _ 9T L
(0 >_2/3 St (3.39)

where £ is the beta function in the position of IBS calculation, 7 is characteristic growth
time for corresponding degree of freedom, L is the module length, C is the ring
circumference.

The variation of the particle trajectory angular deviation is calculated as in SimCool

algorithm in accordance with
A0 = [(0%)¢ (3.40)
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where & is the random value with Gaussian distribution at unit dispersion. After
completion of the beam revolution in the ring the particle angle deviation will be
averaged over the lattice functions in the points of IBS calculation.

3.5.2. Molecular dynamics

The particle momentum variation due to IBS process can be calculated by numerical
solution of the particle motion equation in the real optic structure tacking into account
interactions between particles.

Since the calculation of the space-charge effect is time consuming, one can use two
possibilities to reduce required particle number:

- molecular dynamics,

- macro particle simulation.

In the frame of Molecular Dynamics (MD) technique, the beam is divided into several
cells and the motion equations are solved for the particles from one cell only. Another
particles are tacking into account using a periodic boundary condition for the distribution
function in the longitudinal degree of freedom (Fig. 3.5).

(o) (o) (o} o (0) o (o] (o) (o]
o//f/n/;‘oﬁ\\o\o
o olo olo olo olo o
¢ L >« L P < L P < L P < L |

Fig. 3.5. The beam model used in Molecular Dynamics simulation.

The right part of the particle motion related with the interaction between particles has the
following components:

Fvp = (0, Fox, 0, Fpy , 0, Fpz ). (3.41)

They are calculated for interaction between two particles with the formulae;

(X = X, 21 . .
Fox = 1 g% — 2')(%— ;j X is one of the transverse coordinates,
’ dre, myCy By \@” rL
1 g°(z-z)(1 2l
Pz . (2 2 I2)(_3_ gj ' (3.42)
4me, mycyoBo la”  sL

a is the distance between particles, s=z-z,, r= \/(x—xi)z +(y-vy,)?, L is the MD

cell size. The total value of the force component acting on the given particle is calculated
as a sum over all the particles inside the cell.
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In the formulae the I, and I are the following integrals:

kJ,(kr/L)cosh(ks/L) -1

o) -1 dk, (3.43)

| =_,f le(kr/L)smh(ks/L)—ldk’ I, =_,f

0 exp(k) -1 0
J1 is the Bessel function of 1% order, moc® — ion rest mass. The integral values were
numerically calculated and are used in the program as table values.

The initial distribution of the particles inside the cell is generated randomly in accordance
with the beam emittance and the ring lattice parameters in the initial position. Transverse
particle co-ordinates and all three momentum components are generated in accordance
with the Gaussian law, longitudinal co-ordinates are distributed uniformly inside the cell.
Thereafter the particles in the sell are propagated through the ring module by module in
accordance with the ring structure.
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4. Luminosity calculation

During r.m.s. dynamics simulation the luminosity L is calculated through the r.m.s beam
sizes oy and o, in the collision point:

2
L=N,— N (4.1)

b L]
4no,o,T,,

where Ny, is the number of bunches, N — ion number in bunch. This formula corresponds
to Gaussian distribution of the ions and does not take into account hour-glass effect. To
calculate the luminosity at arbitrary distribution function in the test version of the
program the simplified algorithm was implemented.

The algorithm is based on the same assumption as the analytical formula — the bunch
dimensions are not changed during collision (it corresponds to the case when the bunch
length is sufficiently less than beta-function in the interaction point). Additional
assumption is related with the shape of the bunch cross-section. As it known from
experiments the ion bunch in the RHIC has practically round shape of the cross-section.
To repeat this peculiarity in the simulation one needs to introduce coupling between
transverse degrees of freedom in calculation of IBS growth rates. Assuming that the beam
dynamics will be simulated only in such a regime one can calculate the luminosity at
condition oy = G

The bunch cross-section in the transverse plane can be divided by Ngjice Cylindrical slices
at the same thickness Ar (Fig. 4.1). Square of i-th slice is equal to:

S, = Ar?(2i-1). (4.2)

The luminosity per one particle in the corresponding slice of the colliding bunch (we
assume that the both bunches are identical) is equal:

—=b (4.3)

where pj is the areal particle density in the slice. Assuming that particle density inside the
slice is uniform the total value of the luminosity can be calculated as:

2 Nico 2
L=Nof NN NG (4.4)
Trev N multi i=1 Ar (2| - 1)

where Ny is the total particle number using in simulations, N; is the particle number
located inside i-th slice.
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Fig. 4.1. Schematics of luminosity calculation at arbitrary distribution function.

It can be shown, that for Gaussian distribution this formula for luminosity practically
coincides with (4.1) when NgjiceAr = 3o.
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5. First results of the code benchmarking

In this part the results of the dynamics simulation using MV algorithm is presented.
General goal of the calculation was to test all the parts of algorithm separately by
comparison with r.m.s. dynamics simulation at the same model of all the processes.

5.1. Electron cooling simulation

To test MV algorithm the cooling process in the frame of r.m.s. dynamics simulation was
presented by the following model. The action of the friction force on the ion was treated
in approximation of thin lens. Cooling rates were calculated using Monte-Carlo method:
at the entrance of the cooling section matched beam at Gaussian distribution is generated
and after deviation of the particle momentum components in accordance with friction
force value the new emittance of this beam is used for the rates calculation. Number of
the particles used for cooling rate calculation was chosen to be equal to particle number
used for MV simulations. In this case, at the initial stage of the cooling process, when the
particle distribution in multi-particle simulations is close to Gaussian one, evolution of
r.m.s. beam parameters has to be the same in simulations using both methods.

For the cooling simulations the following parameters of the cooler and electron beam was
used:

The cooler length, m 30

Magnetic field value, kG 10

Electron beam model Gaussian bunch

r.m.s bunch radius, mm 1.5

r.m.s. bunch length, cm 3

Number of electrons in bunch 10" (Peack current of 64 A)
Beta-function in the cooling section, m 60 in both planes
Friction force formula by Parkhomchuk
Effective electron beam temperature, meV 1

The ion beam r.m.s. emittance was 2.5-10°® =-mm-mrad in both planes, r.m.s. momentum
spread — 10°. RF voltage amplitude at the revolution was 3 MV, harmonics number —
2520, that corresponds to the r.m.s bunch length of 36 cm.

The particle number used for cooling rate calculation during r.m.s dynamics simulation
was 2000. At this value and at initial ion beam parameters the mean value of the
transverse cooling rate is about (2.7+0.2)-10° sec™ in both transverse planes and
(4.940.3)-10" sec™ in longitudinal degree of freedom. Large spread of the values from
realization to realization is determined by small particle number and as a result wide
spread of the initial emittance of generated particle array.

The cooling rates in multi-particles simulation are calculated only after first step of the

dynamics simulation. Number of turns for dynamics simulation step was chosen to be
5.10°. The rates of the emittance variation after the first step are (2.8+0.2)-10® sec™ in
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both transverse planes and (5.3+0.3)-10” sec™ in longitudinal degree of freedom. That
practically coincides with the values obtaining by direct calculations of the rates.
Evolution of the beam r.m.s. beam parameters during first 4000 seconds of cooling
calculated with r.m.s dynamics procedure and with multi-particle one is presented in the
Fig. 4.1.
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Fig. 4.1. R.m.s. beam parameter evolution in time. Step over time in r.m.s. dynamics
simulation is 80 sec, Ny for multi-particle simulation is 5-10°.

In the Fig. 4.2. one can see artificial diffusion introduced by cooling, when the
momentum variations are calculated in accordance with formula (2.31).

4E-5

3.243E-8 0.001149

3.181E-8 -/_,.r" E

0.0012

Ex ; Ey [m rad]
25E-8
drP fP
0.001

1E-8
0.0008

0 2000 4000 a 2000 4000
Reference time [sec] Reference time [sec]

Fig. 4.2. R.m.s. beam parameter evolution in time at multi-particle tracking without
artificial diffusion compensation (see part 2).



Evolution of the beam distribution function over the momentum deviation and the beam
horizontal profile during cooling are presented in the Fig. 4.3.
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Fig. 4.3. Evolution of the beam profile and momentum spread in time during cooling. x-
axis present corresponding distribution normalized on the initial r.m.s. value, y-axis —
time, z-axis — number of particles in percents to the total number.

In the multi-particle simulations the cold dense core of the beam is formed and after 1
hour about 20% of particles are concentrated inside the region of about +0.2 of
corresponding initial r.m.s value (Fig. 4.4). However, the r.m.s. beam parameter variation
in time (Fig. 4.1) are in good accordance for both algorithms: r.m.s. dynamics and multi-
particle simulation.
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Fig. 4.4. lon distribution after 1 hour of cooling.
5.2. IBS simulation

For the IBS simulation the ion beam intensity was chosen to be equal 10° particles. The
lattice parameters were imported from output MAD file describing simplified FODO
RHIC structure. The IBS growth rates were calculated using Bjorken model at integration
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step over u and v equal to 10, and Bjorken Coulomb coefficient — 40 (Coulom logarithm
is 20). Steps of the dynamics simulation for both the methods were the same as in
previous paragraph.

The both methods of simulation give practically the same results (Fig. 4.5) and, as one
can see from the Fig. 4.6, the beam distribution keeps almost Gaussian shape (within the
accuracy determined by the particle number using in simulations).
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b) Multi-particle simulation, detailed IBS rates

™
e 29E-3 g 0.00113
= ——
29E-3
=
i
Sho as
S — o8
-y = O
=
L
o
o 2
u =]
-— o
u} 2000 4000 0 2000 4000
REeference time [sec] Reference time [sec]
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Fig. 4.5. R.m.s. beam parameter evolution in time under action of IBS process.

Tests of all another analytical models of IBS process gave analogous results. Dependence
of the accuracy of the simulations on the particle number will be performed at the next
stage of the program benchmarking. Simulations at larger particle number are also
necessary to analyze evolution of the distribution function shape at dynamics using mean
or detailed IBS rates.
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Fig. 4.6. Evolution of the momentum spread in time under action of IBS process.

5.3. Electron cooling in presence of IBS

At common action of the electron cooling and IBS the r.m.s beam parameters time-
dependencies calculated using multi-particle tracking are very closed to results of r.m.s.
dynamics simulation (Fig. 4.7). At parameters in calculations the electron cooling is not
strong enough to suppress the heating of the r.m.s beam parameters. The mean growth
rates is less than in the case without cooling (Fig. 4.5) by about 2 times only. However,
the cooling in the central part of the ion beam prevails on IBS heating that leads to
formation of a dense core of the beam.

Comparison between Fig. 4.3 and Fig. 4.8 shows that including in the simulation the IBS
process in the frame of mean rate model leads to decrease of the core intensity from 20%
to about 16%. Detailed calculation of the IBS rates leads to decrease of the core intensity
to 10%, however, the process of the core formation takes a place in this case also.
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a) Multi-particle simulation, mean IBS rates
Fig. 4.7. R.m.s. beam parameter evolution in time under common action of electron
cooling and IBS.
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Fig. 4.7. R.m.s. beam parameter evolution in time under common action of electron
cooling and IBS.
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Fig. 4.8. Evolution of the particle distribution function. Left — horizontal profile, right —
momentum spread.

5.4 Luminosity calculation

Comparison of the luminosity calculation results using formula (4.1) and (4.4) was done
at initial stage of the beam dynamics simulation. In this case the distribution function has
practically Gaussian shape (with the accuracy of random value generator and particle
number). At the ion beam parameters presented in chapter 5.1 and the bunch number of
25 the luminosity value calculated in accordance with (4.1) is equal to 1.49-10%" cm™s™.
At Ngiice = 20 the calculation using formula (4.4) for 10 initial realization of the particle
array gave the value (1.46+0.03)-10%" cm™s™. Thus, even at particle number equal to
2000 and at Gaussian distribution, the relative error of the numerical calculation of the
luminosity is about 2%. At arbitrary distribution function the accuracy of the luminosity
calculations depends on Ngice value and can be estimated only in calculations with
different Ngjice Values.

To test stability of the algorithms of numerical IBS simulation the luminosity calculations
were provided during 4000 second of the beam evolution (Fig. 4.9). R.m.s. dynamics
gives the luminosity decrease in both cases: with and without cooling (Fig. 4.9 a and b).
In the case of cooling the multi particle tracking indicates a formation of dense core of
the beam and luminosity increases even at increase of the r.m.s beam emittance (Fig. 4.9
c and d). The algorithm with detailed IBS rates calculation gives a noise of big amplitude,
which nature is not clear yet (almost the same noise amplitude presents at particle number
of 10000).
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The relative amplitude of the numerical noise at detailed IBS rate calculation keeps
almost the same value at long period of simulations (Fig. 4.10). Reason of such a
fluctuations is the fluctuations of the beam core intensity. As one can see from the
Fig. 4.11 the relative core intensity fluctuates by about two times. More detailed
investigations of the algorithm stability will be performed at the next stage of its
benchmarking.
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Conclusions

During the first stage of the work the following tasks was solved:

- simplest versions of the basic algorithms are developed,

- procedures supporting format of input files for ring structure are developed and tested,
- procedures supporting different beam models are developed and tested,

- benchmarking of the program has been started.

Preparation of the UNIX version of the program is in progress.

First results of the MV algorithm benchmarking shown that the evolution of the beam
r.m.s. parameters are in good agreement with that one calculated using r.m.s. dynamic.
The simulations indicates, that formation of the dense core of the beam due to action of
the electron cooling takes a place even in the case of the r.m.s beam parameter increase.
Simulations wit detailed IBS rates calculation shown that in this case intensity of the
beam core is less than at mean IBS rates, but the process of the core formation is not
destroyed.

In the test version of the program the luminosity is calculated using simplest algorithm
without taking into account hour-glass effect. For Gaussian distribution the numerically
calculated luminosity value coincides with the analytical formula used in r.m.s. dynamics
simulation. The simalation of the cooling process shown that the luminosity is
determined mainly by the core of the beam and increases during cooling even in the case,
when r.m.s. emittance increases. This result is in qualitative agreement with predictions
of SimCool program.
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Annex. IBS growth rates calculation in accordance with Jie Wei model

In terms of normalized transverse emittance and longitudinal bunch area
S =nm,c*yo,, /BcA in phase space, Eq.(4.44) can be rewritten

" de_

o, dt n,(1—d?)

4 2 2 b
idcx _ Z i\l Iroz‘noc L, F(y) —a®/2+d? (A1)
o, dt A" 8B%vee&,S b2 /2
1 do, -
o, dt

y

Except for the beam factors y, d, a and b that depend on the ratio of the beam amplitudes
in different dimension, the rates are linearly proportional to the density in the six-
dimensional phase space, and are strongly dependent on the charge state of the particle.

The coupling between the horizontal and vertical motion averages the growth rates in the
transverse dimension. If the motion is fully coupled within time periods much shorter
than the IBS diffusion time, the average rates become:

1 de

o, dt |_Z'N yme’l, )[ nb(l—dz)}

(A.2)

p =
1 do,, A* 8B*vee,S (= +d?)/2

c dt

X,y

In a typically circular accelerator, the transition energy yr is approximately equal to the
average value of B, /D, in the regular cells. When the beam energy is high y >> y7 , the

growth in horizontal direction results mostly from the variation of the betatron closed
orbit during the exchange of the particle momentum (a*<<d?). The growths in
horizontal and longitudinal amplitudes are therefore proportional to each other.

When the vertical amplitude is no longer small so that y >1 and F(y) <0. According to

equation (4.44), both horizontal and longitudinal amplitudes grow.

In a typical storage ring like the Relativistic Heavy lon Collider (RHIC) the beams are
stored at energies much higher than the transition energy. Due to the coupling and
injection conditions, the horizontal and vertical betatron amplitudes are about the same.
The growth rates can be explicitly written from Eq. (4.44) using the expression for F(y):

1 dcp
o, dt Z*N  rZm,c2L, n,(1-d?)/d
1 do,, |7 A et W] (A3)
X,y B 'YTSXSyS d /nC
c dt

X,y

53



Their dependence on the energy of the beam, which appears only in the form factor d, is
usually weak. After the initial stage of the storage, the asymptotic configuration

NNy ~ Dic, v>> 7, (A.4)

Will be approximately reached (d = n,n,/(L+n,n,)).
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